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ABSTRACT 

The sympoisum was held to describe the roots and 
future plans of the Engineering Research center's (ERC's) concept and 
program. The first section of this symposium compilation describes 
the national goals that the ERCs represent. The second section 
presents the point of view of the National Science Foundation on the 
ERCs — the concept behind them, their goals, selection criteria, and 
mechanisms for support. The next section provides the plans and 
programs of the six existing centers: (1) Systems Research Center; 
(2) Center for Intelligent Manufacturing Systems; (3) Center for 
Robotic Systems in Microelectronics; (4) Center for Composites 
Manufacturing Science and Engineering; (5) Engineering Center for 
Telecommunications; and (6) Biotechnology Process Engineering Center. 
Two of the presentations were on exchange methods among the centers 
and the relationship between engineering •education and research. The 
last section details a look at the future of U.S. industry and 
engineering. Papers outline the roles that centers can play in aiding 
and stimulating mature industries, growth industries, and emerging 
industries. (Author/yP) 
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Preface 



In the fall of 1983 a small grmip of engii^rs met with Gomg^ Keywcmh 
U, tf» Pnesktent's Sciojce Advise and Directw of the Office of Science and 
TechiK>logy Policy. Tte stated puxpose of the noting was to present to Dr. 
Keyword) a briefing on the need for advances in research on the use of 
a»i^Miters in (tesign aiKl manuf^miring. The brieflng had been prepared under 
d» auspices of a National Research Qnincil committ^, of which tt^ late 
George Low was chairman. 

As the meeting progr^sed, howevor, its focus shifted from the overt subject 
of c<Hii{m^-ai<fed design and comimter-aided manitfaouring (CAD/CAM) to 
a single theme that lay in the backgroimd, hidden between tte lii^s of the 
report. That underiying then^ was ti^ need for integration of the engin^ring 
endeavor. It was a subject that had cropp^ up here and there , mew and mort 
often over tte previous three or four years, in studies ami jnonouncements 
about engineering research and education. The topic was usually alluded to 
as dxHigb in passing, with an air that **this is imjxwtant, but hard to grasp/' 
Refoienc^ to it were especially freqi^nt wt^nev^ concerns abiHit our de- 
climng overall competitiveness in technology-intensive, manufacturing -ori- 
ented industries were being discussed. 

Hie i^ed for integration has many facets, and can be expressed in many 
ways: the integration of engii^ering research and development, of design and 
manuf^turing; the clmtr interplay of universities and industry; tl% greater 
exposure of engineering students to j»^ctica], hands-on, aj^nticeship as- 
pects of location. parti^^ulariy impc»rtant element identified is the ne^ 
for a new, cros&cutting af^n^Mch to complex engineering research im>blems — 
often exfrnss^ by the key words cross-disciplinary, interdisciplinary, and 
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multidiscij^ary* traditional disciplines aloro are mA always suit^ to 
the ccMiiplex naftire of modem engineering di^very . Systems is another key 
term, referring tM jiwt to systems engin^ring, but to the need for attention 
to tte systems asp^ts of the engineering enterprise and its product, and fw 
o}Aimizing the overall (»x>cess by ccmsidering every element, lodcing fw tr«te- 
offSt incorporating divo^ kinds of expertise, taking tl^ broadest possible 
view. 

These cOTcems h«l bttn latent— tl^, but iwt Kldiessed. For one thing, 
titey were elusive, hard to &fine. Ttere was no real knowledge l»se to suppwt 
any rigorous discu^ion cr definiticMi of tte jHoblems c^, for that matter, what 
was at stake. The ideas seem^ likely to challen^ tl^ structure and functim 
of tte engineering rewarch establishnwnt. Cross-disciplinary research and 
university 'iiKlustry {wtner^ip weie ccmcepts diat auguned major change with- 
out any guiu^tee of commensurate return. But by the fall of 1983 the un- 
Jetcunent of interest in this theme hid reacts a point of critical mass in the 
minds of those ccMicemed with the nation's technologic^ competitiveness. 

So it was diat the group in Dr. Keyworth's office began to discuss tl^se 
t<to with a sense of growing excitement* Dr* Low in particular catalyzed a 
shared vision of the kind of engineering education that is needed if this kiml 
of integration were to be achieved in the universities and in industry. A sroond 
meeting was arrange to discuss what might be dcme* As a result of that 
noting, the National Science Fouwiation (NSF) i»can« involved with a new 
agenda to create university-tesed cn^-discij^inary r^earth cental that would 
be closely attuned to the perceived real engineering needs of the nation* 

In December 1983 the NSF ask^ tite National Academy of Engineering 
to c(Kiduct a brief smdy of the engineering research center com^pt, aimed at 
formulating guidelines for the centers' mission, organization, qjeration, and 
funding. The results of that study were transmitted in February 1984, and by 
April 1984 the first NSF program announcement for the Engineering Research 
Centers (ERCs) was issued. 

The respOTse was enormous: 142 proix)sals were rtceived from more than 
100 universities for research in a wide range of fields. After an exhaustive 
review, awards for six Engineering Research Centers (involving a total of 8 
universities) were announced in early April 1985. The papers presented here 
were delivered at a symposium held later that month at the National Academy 
of Sciences to introduce the new Centers to the engineering community at 
large. 

NSF's expressed purpose in supporting these Centers is to provide cross- 
disciplinary research op}X)rtunities for faculty and students, to provide fun- 
damental knowledge that will contribute to the solution of important national 
problems, and to prcparc engineering graduates who possess the diversity and 
quality of education needed by U.S. industry. As Dr. Kcyworth pointed out 
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in t&naiks following his speech on the first day of the symposium, "The 
ERCs are the real gem of all the new programs that arc receiving so much 
entasis in fundamental research and the training of talent today. This 'in- 
^itute' concept ... is something that is long overdue in this country, and 1 
tbisk it is going to beconK big." 

We concur wholeheartedly with that assessment. The ERCs are the right 
step at the right time; they will inject into engineering new values and new 
Woaches that are sorely needed. It behooves all of those involved in the 
CTgineering enterprise in the United States to ensure that this gem is highly 
polished, and that the sparkle and promise of this new beginning are not 
permitted to fade 

Symposium Steering Group 

Seymour L. Blum, Chairman 
Robert R. Fossum 
James F. Lardner 
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The New £n0iieerln^ 
JbBseeathCenters 

Purposes, Goals, and 
Expectations 

SYMPOSIUM 
Washington, D.C., April 29-30. 1985 



Summary 



The symposium titled **T1^ Engineering Research Centers: Factors 
Affecting Their Thrusts'' was held on April 29-30, under the 
auspices of the National Research CounciPs Commission on Engii^ring 
and Twhnical Systems (CET^). The tw>-day event drew more than 400 
repn^ratatives of ^r^me, industry, and government to hear speakers 
d^cribe the Engine^ng Research Centers (ERCs), the concept behind 
tfiem, and d^ir importaiKre to the nation's future. DiscussicMi was en- 
ccHiraged, so the sympc^ium became the forum for a lively interchange 
of icteas akHMt tte Centers and, in<teed, about the i^sent and future status 
of tte engii^ering r^earcfa and develc^m^nt enteiprise in the United 
States. (n» discussion that followed e^h in^sentation is summarized in 
this symposium volume imn^ately after each f^r.) 

Tlie first session open^ in the afternoon with a series of presentations 
describing t)^ national gc^s th^ the ERCs repre^nt. C^or^ A. Key worth 

Science Adviser to the President and Dir^tor of the Office of Science 
aiHl Technology Policy, gave tte keynote address. He and otl^r leaders 
in ^vemn^nt discusst^ the relation of the Centers, and of engii^ring 
research in general, to international industrial competitiveness. Mr. Erich 
Bloch, Director of the National Science Foundation (NSF), described the 
ccmtinuity that exists between science, engineering, and technology, and 
which must he nK>re widely accepted if the nation's economy is to benefit 
from a strong industrial competitiveness across a bread front. 

The next group of speakers sjKrfce of the ERCs from the point of view 
of the NSF — the con^pt behind them, their goals, selection criteria ap- 
plied in the first round of awards, and mechanisms for supjxjrt of the 
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cwrent ami future Cen^. Symposium i^cipants rei»i^enting univer* 
siti^ with an intni^ in tK>^g ERCs of dieir own were especially at- 
trative to diis pOTtioi of the progra-n; they adced a laige number of 
qi^^ions relating to tlw revtew |Ho^s for fttture selecti<»i c]^l«. 

The folk)wing mcxTung it» sympt^um reom^vned to hear inesentati(His 
by ^h of ihs new Center directOTS of the i80gran» fliey to introdtue 
to me^ the Centers* gcxis. Tht varied programs f^ research, educ^m, 
ami industrial liaison were of central inters; the^ wn« inqnmive in 
scope and in creative initi^ve. Ten&itive itteas reprdhig ihe estaUishmeot 
of mechanism foe the exd^nge of infonn^on and tecfandogy amcnig 
the ERCs mi dieir respective research communiti^ wot sUso present»l. 
I^cause educati<»ul function of die Centos is as impmtaitt a& dieir 
r^earch functi<»i, a view of die relatimship between diese two fuiKticms 
in the context of modern engineering was exjMiessed by the chairman of 
a National Research CouiKil conmiittee that hai just coiKlwted a stwly 
of the subj«:t. 

The final session of the symposium entailed a look at the future of U.S. 
industry ami engine^g from tl» stam^int of challenge diat will have 
to be met and expectati(His that dw ^Cs will be called on to fulfill. 
Speakers oudined die roles tlmt the Centers can play in aiding and stim- 
ulating mature ii^ustri^ (e.g. , die autonK^ve industry), growth industries 
(e.g., electronics and comfniters), aiKi ending inuustries (such as bio- 
technology). H^y stress dmt diis bold ittw ^:q}roi^h to engineedng 
research and educati(»i carr^ with it a range of new r^xmsibilit^ noi 
only fcM" academe, but — just as important — for industry ami govmn^. 
Each of diese traditionally separate sectors will be challoiged to cooperate 
in die nurturing aiKi suj^rt of the ^Cs, a which the final group of 
speakers erni^ueized. 

The predominant message that emerged fron < ttta symposium is dial this 
is tte begiiming of a new era, in terms of woiid technologic^ and economic 
dynamics ami in tetim of the rol^ of engii^ering pr^(» ai^ research. 
The BRCs are auKHig die fir^ deliberate responses d» nation has m^ 
to that changing environn^nt: new engineering in^tutions desigi^ for 
die new era. The goal of die {»x>gram is *'to devek^ fiuidamen'al knowl- 
edge in engineering fields diat will enhance die intemmional conq)eti- 
tiv^iess of U.S. industry mi pi&^ engii^ers to ccMitrU>ute mme effectivdy 
through better engiraering practice.'* The explicitly ecom)mic and 
tical n^ure of diat goal is in itself a novel feature, and one dun is likely 
to be seen nK>re and mofe often in the future. 

The 6 ERCs mtrodiKred at die symposiimi are only the first contingrat 
of what die NSF expects eventually to grow to son» 20 Centers, e^h 
widi an average annual budget of $2-$5 million. And, as was notcKl by 
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both Erich Blodi and Qeofgfi Keyword), other agemdes of govemment 
besktes die NSF are int^irated in pursuing tl^ I^C amrapt* Geor^ 
Keyworth expr^sed his belief th^ the QlCs mi^t wdl rome to represent 
**8(»^iing on die ord&t of 10 percent of the entire Naticmal ScieiK^ 
Frand^ii^ biKl^t m a ^ery short pmoC of tin^/' Given die likely 
partki|^<»i of oAna ag^Kn^, 1^ pointed CMit, tt^ total numb» of such 
ceitfas owki very quickly exceed tte anticipated 20. 

Hie euna^oice of a large number €i Cent^» focu»ng on diffident areas 
of ^igir^^ing researxdi, will require a hrowi teise of sujqxnt. In tl^ case 
of ti» ERCs, NSF siqq>ort is kA m\\mo!^ as p^man^, but as start- 
le Anting. The awards will be made as conthming grants for an mitial 
duratkm of five years. During diat tin^ the Centers are expected to have 
e^^di^^ a stxxmg rework of relationdiii^ with indu^, and to haw 
d)taii^ sub^antial irKlu^al suiqx>rt. In this way, where feasiUe, the 
Colters sh<^d eventually b^x)me »lf-sufficieot, requiring rK> furtii^ NSF 
su|^x>rt. 

Sudi a goal clesdy places sevml r^uirements upra d% ERCs. First, 
A^y nmit be sure to establish the kind of itulustrial liaison programs that 
will lead to ccHitinuous ami mutually beneficial in^actic»». The plans 
aiKl |»t^rams descried by tte six Center directOTs are a good start in this 
directicH). 

Sec<»Kl, the ERCs must produce hig^-quality research, the results of 
which are useful to ii^lustry witlKHit being too near-term in foois. As 
Roland W» Schmitt char»:t^ized the Centers, ^y will taidge tl^ gap 
b^^K^eo the geTCratkm of knowledge ami its ai^Ucation to maricet- 
place* ''Fhm imlustry . . , should flow . . . tte terrier jnoblems tliat 
l^i^tice is running up against. From univ^ties . . . should flow tl^ 
kiK>wtedge arxl talent needed to ovefcome the fundamental problems/' 
To tfiat eiKl Susan Hackwood, Directs of the i^w Center for Rdx^c 
Sy^ems in Microelectronics at the University of California at Santa Bar- 
bara^ oivisiims a imx^dure in which researchers at the Center will *'go 
from tte sp^ific to the gen^, doing ai^licatiois first and gaining fun- 
dan^tal knowledge later/' 

Third, tte ERCs must attain self'SUiHicieiK:y by perfcmning their ^u* 
cational fiui^on welL If ^y can attnu:t tq) students, bodi graduate and 
und^graduate, aiKl ii^ulc^ in them a broad understanding of what is 
needed to bring sof^sticated (Hoducts all the way from the laboratory to 
m^ket, the graduates of the Centers will become a nK>st effective form 
of ^vertisement for the cross^lisciplinary ERC ^prrach to research. 

What can industry <to, fm its psn^ to ensure the success of the ERCs? 
As James Lardi^ of Deere and Company puts it, industry must: 

• help identify and define manufacturing research needs that offer in- 
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teilectual challenges to Ae iK^ademic community that are commensurate 
widi e^ablish^ r^eaich activities; 

• make available %lect^, experieiK:^ industry lejHiesentatives to sup- 
pon leseardi irojects; 

• t>e willing to provide constructive in|Mit for program evaluation and 
to make reccnnn^ndations to enluuice tte vali^ of ti^ re^arch findings 
... the Centers produce; 

• r^gnize, Mre, and reward the graduates of the Centers, offering 
q^x»tunities comn^nsurate with their potential. 

A l^ic requirement is for iiKlustry to be aware of the activities oi the 
Centers. Partici|^on in the exchan^ netwoiics described by NSF's Cari 
Hall would be a simple and effective means to maintain such an awareness. 
In gei^ral, industry managers can help the ^Cs attain their goals by 
being q)en to tl^ q^portunity ttey represent — that is, by avoiding the 
pressure for near-term results, by not being reactive in the appro^h to 
joint research ami the publication of results, and by taking advantage of 
the continuing education^ possibilities they will afford. 

Perimps the greatest adjustmeait will be r^uired by universities that 
host the ERCs. As Semiconductor Research Corporation president Larry 
Sumney noted, universities are structured around discipline-oriented (te- 
partments. The cross-disciplinary environment of the Centers runs counter 
to this traditional strucmre, bs^ the effect on a faculty number's status 
and career can be severe if the £RC is not accept^ ami integrated within 
tte university's culture. H. Guyfofd Stever enq^ized the i^ed for change 
in tiiis ''campus sociology** if the ERCs are not to Ix: rendered vulnerable. 
Strong commitn^nt on the part of university administrat(Mis, faculty, and 
graduate students alike will be essential. To achieve that degree of com- 
mitment the universities will have to become sensitive to the nation* s 
«:onomic and comi^titive needs, and recognize that engineering is the 
key to fulfilling those needs. 

Government also has major responsibilities in this regard, as outiined 
by Nam Suh, Assistant Director for Enginwring at the NSF. Apart from 
its role as the investment cM-ganization, or catalyst, the NSF is also the 
enabling agent that will help the ERCs overcome problems and achieve 
their goals. It will also be the NSF*s responsibility to secure the continuing 
support of die Congress and other government entities for the ERCs and 
the concept they represent. In addition, the NSF plans to encourage state 
governments to provide joint or imlependent fumling for ERCs or similar 
research organizations. Nam Suh notes, however, that ''in the final anal- 
ysis no government can be greater than the j^ple it represents," so die 
willing sup|K)rt of the engineering community in acaden^ and industry 
will be the real key to the continuing sup|:K)rt of the ERCs. 
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What is d» likely outcome if the ERCs are successful? What ^vances 
c« chao^ 'u« we likely to ^ in research, in engine^ng educplion, 
sa^ — {>edi^ TOf^t crucial — in the health of ojx industri^? Several speak- 
ers gave their views, their visitms, of what tl» results might be. Nam Suh 
bo^ that the ERCs *'will coax up witii concepts and ideas th^, ^ years 
from now, can dum^ die way we live, the way we function, and 
way we produce goods." He believes that the ERCs have tte potential 
to cr^ ragimering a climate of di»»very similar to that which 
sf^petaed in phy«cs at univo^ities thrcMjghout Western Europe in the eaily 
inrt of this century — an "exciting cultural environn^ which will create 
new intellectual frontiers and many impcntant breakthroughs." 

Tlte changes in engine^ing educaticm are likely to be substantial fn* 
participating students. Roland Schmitt pointed out that it has been difficult 
fin- a ^udent to acquire both the iraeded scientific knowledge and the 
a]^»i»ttice$hip aspects of educati<m. Unlike education in the sciem^s, it 
is rare for engineering gr»iuate students to }x trained in the type of f^Iities 
tiiey will oicounter in industry. And engii^ering is the only jmjfession 
in «1iich tethers are ncH, by mid large, experiem:^ practitioners. Jerrier 
H«klad believes that the ERCs will go a long way toward changing this 
sttuati(Mi. For one thing, the closer contact of £K;ademic researchers with 
iiKiu^ problems and methods will make them better teachers. More 
fimdan^ntally, however, f^cijimtion of students in ERC research pro- 
grams will be a fwra of intemmg. It will introduce the missing element 
of practice, cmiferring practical vali^s. greater interest in the work, and 
stronger personal develc^ent as well. 

Qearly die real focus of the ERC concept, from the standpoint of both 
r^earch and educ^on, is the improvement of our national industrial 
competitiveness. If the ERCs can inovide a strong link between academe 
and industry, research and development, education and practice, Uiey can 
vasdy improve the efr»;tiveness with which we apply our rich national 
rescHUX^ of knowledge and talent. If they can bridge Uie traditional en- 
gineering disciplines they can be the catalyst for a needed reshaping of 
research ^)proaches and values, in universities as well as in industrial 
manufacturing practices. As George Keyworth observed in his keynote 
address, "This removal of barriers lies at the heart of the new Engineering 
Research Centers." It will be necessary that everyone — those in academe, 
in industry, and in government — understand why tiiose barriers must come 
down, and that all work with a will to help the ERCs succeed. 
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TTiis symposium mailed tlw beginning of a brave new venture in An^* 
ican t^hnological enterprise. For tliose who have i»iticii»ted in &icit 
making, the Engii^.^ering Research Centers have been eagerly awaited. 
Far a few dedicated ii^viduals who long ago saw the iwed for a new 
qjpro^h to enginemng r^earch, edticati(»i, and practice, diis is a vemure 
diat has been long in the making. 

Some 300 members of dw engineering (»»nrounity attended ti» sym- 
pcsium to st^ the excitement of ibs i<teas embodied in the &sgii^ering 
Research Centers (ERCs). In their papers leaders of tte business and 
academic onnmimities and leaders in govemn»nt describe tt» difference 
that this new concept will make, the oRX)rtunity that the Centers present. 
They describe the roots of the ^C concept and {nogram, the effort, 
energy, awi ideas that went into tlwir creaticm. Tte dir^rtors of tl» new 
Cent^ and <^}^ discuss their plans for making the Centm strong and 
successftil. We read of challenges that the future will present to U.S. 
indu^, as well as to tte Centers them^lves. And we arc confront^, 
in turn, with the challenges that the Centers present to industry, academe, 
and government if they arc to become an effective instrument for keeping 
die nation technologically strong and vibrant in the un<»rtain years ahewl. 

As a broa(ter audiem^ now begins to share in the exciten»nt of this 
\^ture we should not lose sight of what we are about. In some ways we 
are attempting tlutnigh the ERCs to change the system, to push engineering 
research and education over a thrc^old into a new way of doing things. 
So it is extrcmely important that we get it right from the beginning, and 
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that our [Nirposes, ^lals, and expectati(Mis with regard to tiie ERCs be 
I clear. Ti» symposium was ir^eed a debut, and this volume is its official 
I annourcement. I hope that all who read the^ papers will be chai^^ with 
f hope, eagerness, ami a sense of responsibility for the commitment to the 

succ^ of the Engii»ering Research Centers which we must all share. 
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I Improving the U.S. Position 

in International Industrial 
Competitiveness 

* ■ 

; GEORGE A. KEYWORTH II 



Peq>le who have heard me speak on the sub^t of tlw Natitmal Science 
Foundation's Engiiwering Research Centers j^t^rani know how strong 
tny ccMnmitment to the con(^ is, and 1k>w much I look fc»^ani to the 
lesijng of the concept th^ is beginning now. The people connected with 
the fi"^ six Centers are to be c(mgratul^. The good news is that they 
have siwived what may have been tl» tougtest grant competition in the 
NSFs liistofy. The bad news is that ttey mw have to do all those things 
they pTDmised in ti» proposals. Actually, I would be disappdnted if their 
new exper^)c» dkin't foice tbem to div^^ firean tbose plans veiy ^ddy, 
becau'je tiiey are traveling where no one has gc»ie before. They are trying 
to rjiapi institutions steeped in tradition to rqnd change in tbs world of 
science and technok)^ and in the way those change are transferred to 
rKfaistiy. They are going to have to team— and teach the rest of us— as 
toey piogr^. 

As someone widi a deep interest in the Engineering Research Centers 
(ERCs), I will try to describe the Centers in the broader context of Amer- 
ican industrial competitiveness and of die kinds of resources we have to 
nK)bilize to be successful. To ^ the st^e, I want to share a recent 
ejqKrience. Tte occasion was a conference of delegatitms from two <k>zen 
economicaUy advanced nations who were invited to Venice by ti^ Italian 
prime ministra- to discuss tt» rel^onship between technology aad em- 
I^oynttnt. The event was spurred in i»rt by the growing divergeiKe be- 
tween the economics of Europe and those of countries, like the United 
StatK and J^»n, ttm have bera aggressive in taking advantage of new 
techiK)l(^ies. The &UY>pean nations have struggled just to maintain the 
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san» nun^ of jobs ffx neariy 15 years. During that same time in the 
United Stat^ we have created 26 million new jcb&. N(M surfaisingly , then, 
nK»t of Eurc^ uxlay is faced with massive unemployment, with {Hoblems 
so severe diat son» anrntries sow talk about entire ^»rations of young 
pe<^le who will nsvet find jobs. 

One would have eiqiected ths European nations to be curi<»is, if not 
e^er, to learn from dynamic eomomies elsewhere. Yet I came away from 
diat confereiKe vofy distuibed by what I interfneted as an ingraiiKd re- 
si^ance to change arcKsng many of tie Euix^Tean leaders wIk) woe tt^. 
I was amazed at die number of Eurt^jean officials who |nx^>osed diat die 
way U) create pbs was to slKulen the workweek so that four people might 
be able to (k> tie \mk of three. Hiat's hardly what I would call iniu>vation. 
(Miers insisted that tteb high imorities were to provide either what they 
(»lled "humane" employment, accomnradating tie life-styles to which 
tie workers have become atxustonwd, or guarantee financial suiqx»t for 
a comfmtable life of uiemployment. While tley all seem to understand 
tie ne^ to use technol(^ to ttevelop new industries and mod^ize old 
(Mies, when it came to considering actions many of tiem saw technology 
as a tiireat rather tiian an q^portunity. In tie true "Eun^essimist" sense, 
tiey could see only the possibility of jobs being eliminated by new tech> 
iK>logy and productivity improvements, never the jobs tiiat would be cre- 
ated. Not surprisingly, oie of ray favorite words, "competitiveness," 
rarely crept into tie discussion; it was as if competition simply were not 
an element of the industrial world. 

As we know, competitiveness is a key word where economies are 
growing. One of tie points I tried to make at tie c<»iference was tiiat 
neitfer wwid nor domestic trade is a zero-sum game. Technological ad- 
vances, by increasing the productivity of both labor and resources, create 
and enlarge markets. In <^her words, it is not simply a matter of cutting 
tie pie differentiy; ttt:hnol(^ical advances can make tie pie lai^er. To 
illustrate tills point I cited tie example of tiie personal computer. Just four 
years ago the market for personal computers was still fairly small. Since 
tiien IBM has entered tie maricet, and IBM alone will sell almost $7 billion 
in pers<Mial computers worldwide this year. Yet more than half tiie parts 
in tie IBM PC are manufactured in other countries and imported to the 
United States. So in spite of how unexcei^onal those transactions may 
appear in light of trade balances, all the countries whose industries are 
involved in tie new enterprise benefit from expanded employment. 

I may not have made many new friends wlen I point«l out to the 
Europeans that it looks odd for them, with their strong industrial, t^h- 
nological, and educational bases, to be wringing tiieir hands in dismay 
while at the same time newly industrializing nations, especially in the Far 
East, are building new technology infrastructures from scratch and be- 
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ooming fonnidabte competitors in carefully chosen niches of the worid's 
i»fai8trial market. Considaing these emerging industries, such as Korean 
steel, Taiwai»se electronics, and Indoi^ian aircraft, it is beyomi me how 
already well-established European (or American) industries, with their 
expertise md experience, can aigue that they operae at a competitive 
disadvantage. This is the argument we would expect from countries trying 
to break into a mfflicct strongly doniinated by estaWidicd industrial nations. 

The lesson I would draw from these observations is that the most 
inpoftaitt determinant of imlustrial success these days is a willingness to 
grasp the opportunities offered by changing technology. I would add that 
even tinmg nati(»ial R&D conunitn^ci, as i^^ssary as U»y are, must 
still be supi^memed by awipetitive spirit. 

I wouW have been even more dei»essed at the contrast between Europe 
and United States in 1985 if I had not reminded myself that societies can 
becrane energized with a desire to change and to compete. In *e United 
States we have certainly responded positively to tiw industrial and tech- 
nok^cal challen^ of the past generation. Admittedly, at the start of diis 
<^(te we suffer»l son» c(»iA»ion ovct the nature of our i»w compe- 
tition. Our experience of relatively easy maricet domination in the past 
h^ iK>t piet»red us fra' our new role. 

This experience, Vm convinced, will also be positive in the long run, 
because it is forcing us to reexamine and reaffirm the principles of our 
ecOTomy, and it is forcing us to recogniw how much we had dulled our 
initiative by taking our industrial strengths for granted. Today we not only 
have a more realistic view of our competition; we also have a nK»re realistic 
view of our significant capacity to compete. To the extent that one can 
charKterize a national mood, 1 would say that the American people and 
Amwican industry are more optimistic today than they've been in years, 
and that they are looking forward to a healthy economic future. 

Oi« example is worth sharing. In March 1985, at a small lunch thai 
President Reagan had with some leaders of American high technologi', 
one of the guests reached into his pocket and puJled out a wafer just of; 
a new manufacturing production line for 1 -megabit RAM chips. In dis- 
playing the chip this guest was making two points. First, he reminded us 
that only four years ago many people were ready to dismiss American 
manufacturing of RAM chips because the Japanese iiad presumably cap- 
tured the future markets with their then-advanced 64K RAMs. The guest 
wanted to remind us that listening to pessimists can be very bad business 
practice. Fortunately, his company and others had confidence in their 
abilities and, cleariy, had bounce back. 

This man was also pointing out Uie tremendous rate of growtii in one 
particular kind of microelectronics technology. In less than a decade we 
went from 2 kilobits to 1 megabit, The 4-megabit chip isn't far over the 
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bOTizoD, and I expect tt> see a 64-inegabii chip widiin my own wcnking 
lifetinw. However, I don't think there is anyone who knows how we are 
going to use n^moiy devices of that incredible capacity. In f^, die big 
chii» diat industry is i^oducing are already stimulating us to rethink d» 
ways we process and use information, leading us right \>sxk to l^isk 
rese^h . As a result ot these indi»trial advances, ve are ik>w mvestigating 
entirely new kinds of computing and data-processing technologies. Aca- 
(kmic researchers are ahe«ly beginning to expire the new computo^ 
architecture, software, and mathenudcs that diese industri^ »lvanc» 
p<Hnt to. Today's »>m{wter, whkh has been evolving for four ikcai^, 
may become a thing of the past. Meanwhile, the rate of change in these 
areas is iHcaking down traditional barriers betw^ iiKhistry ai^ tesic 
reeareh laboratcmes — barriers thta have impected progr^ far too limg. 
This removal of barriers lies at the heart of the new Engineering Research 
Cen^. 

A few nKMidis ago the Presictent's Commission m Industrial Cotnpel' 
itiveiKss completed its 18-nsonth-long analysis of what we have to do as 
a nation to enable our industries to compete effectively in world markets. 
One of the points I fouiKl especiaUy interrating was the C(»)clusicm by diis 
group, yvhich was ccmip(»ed fnimarily of industrial lead^, that tl^ United 
Sta^ has only two comp^tive ^vantag^ in today's international market 
of low-cost labOT, overvalued itollars, high interest rates, and by^santii^ 
tnKte relations. Hmkc two advantages are our scientific ami technical 
knowledge base and our talent b^. 

While die conclusion that knowledge and talent are important Andean 
industrial advantages is hardly surprising, I think that all of us on die 
Conunissi{Hi were surprised to fiiKl that they were of such paramoum 
importance. As a OHisequence, one of the Commissiim's major conclu- 
sions was to endorse the strong and increasing coramitnKnt to R&D over 
the past five years by both industry and the federal govemn^t; in addition, 
the Commission urged creation of "a solid foundation of sciei^ aiKl 
technok)^ that is relevant to commercial uses." 

This sounds very much like the jwint of the Engineering Research 
Centers. The ERCs may be a |weview of new nwclanisms to take £uivan- 
tage of the changing relationships betw^n the laboratory and the foctory. 
Over the next few years the ERCs will be helping us to learn a lot about 
how to im{»x)ve somediing we have never paid too mudi attention to 
before: the ways universities and industry can ca^rale — nrt just to speed 
the flow of new knowledge into applicaticms, although diat is a majw 
objective, but also to encourage universities to take advantage of industrial 
expertise in thinking about academic research directions and educational 
objectives. 





^ Over tteiKst few years many pe<^e have concltMted that m^thstand- 

ingdieitnffiiidrieMKces^of Aii»icanuiuvmitiesm«hra^ 
t edge in Kkiwe,ti»irstnicture is Mrt as weU suited to dMchaUeo^ posed 
I by today's imhtttiial q^xntunit^s. Jhs .mrow appcoach to research, in 
r vhkh 8tiHls» are gn^ally conf!i»d ta highly ^lecialized subdisciplines, 
% oBc^ to be ^med with tm^te" po'^iectives. 
f Tte overwtelmiog leqxmse of the univosities tl»msel\^ to this new 

f' paogFrnn — tliere were jm^xisals from virtually every engine^g and re- 
I search umvmity in tte a>untry — reveals what I am only mt^pret as 
tmiMxkws mthusiasm for Imraidi^ mtt of some of die old molds of 
f eAicatiMi and r^arcb, an impr^im intensified by my (4»ervation of 
f" the many people f^e^at at d^ synqx>sium. The est^Ushn^nt of what 
are in effect can^ institutes wtoie »;Mtemic md imhutrial scientists 
an! en^ji^rs can woric together on d» kinds of technical pnAlems now 
bdng go^ated by mo(tem indi»try may mai^ a new for science and 
engineering edtK^mion and research. One of tl» most unpor^t pnxhtcts 
(tf tl» QlCs will be the ^wtents, wIk) will enooge widi tt» broiui technical 
skills dial will be neetted in tcm <»it>w's industrial wix\4. 

To industrial representatives interested in die Centers I can offo* as- 
mrances, oa behalf of the Prestftent and his iMulget advisers, that diey 
' will be welomied as fin»»ial i»ftners in diis entoimse. But m all 

ousness, what is far n*^ importam is the oidiusiasm industrialists, 
dietr participation, 9 <i d^^ir conmitment to having an impact on how 
diese CentHs evolve. 

To ^^ireci^ why diis is important we slumld consider d^ (Higins of 
die Centos. The idea surfaced in a i»esentati(Hi to my office on d^ subject 
of ccmqw^ in design and manuf^miring, m»le by die Committee on 
ScieiK», Engineering, and Public Policy (COSEPUP).* The presentation 
iMtMight home to all of us how r^cally d» role of die engineer will chan^ 
in li^t oS the trememlous infmnadon-proc^ing capabiliti^ that are 
en»rging, such as diat 1-me^it RAM chip. We realized, too, diat die 
exanq)le of infOTmati(»i technolc^, while p^ha}» die best taiown, was 
cmly one of many rapidly dianging fields that will change engineering. 

Afi^ diat presen^on we were convinced that we diould be doing nK>re 
to help integrate engineering pr^ce and training widi these new area^ 
of te^mology and science, and that our ^ture industrial successes were 
going to (tepend on tlK availability of different kimis of engineers dian 
dKMe wno h^ been successful in the past. We turned to the National 
Ac^my of Engineering (NAE), which quickly assemble a group to 



*OMEPUP is a joint coiranittee of the N^ional Acsieinies of Sciences and Engineenng and 
the betitule of Medicim. 
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suggest new n^hanisms throu^ which tte N^onal Science Faundatira 
and universities ccmld le^ml. In both tte COSEPUP {Muiel and tte NAE 
group engineers from iiKlustry H^re fiiU ami e^er participants. The ]Ht>- 
gram that ^netged has been strragly influ^^ed by iiulu^, so the Cen^ 
should be {^epaied fruitftil interacticms diere. 

This program Is a superb example of what we can do toother. Some 
of tl^ geimral gc^s guiding got^iunent ^tic^is to c^italize on our knowl- 
ed^ and talent can be briefly summarize. 

First, over tte jimst four years CHir govemn^t has revoised its f»icn4ties 
in OTder to su|^x^ the gei^raticHi of kmwt^e ami talent, r^ter than 
the development of specific t^nologies. Govermmnt does not have tte 
ability to guide tte cte^^lqimient of con^^etitive new industrial technolo- 
gies. It simply cannot r^pcH^ rapidly enough to change. Industry itself 
is far better prepared to niake the i^ce^ary (tecisicms, and also to make 
tte necessary investn^ts in mw technologic to m^ ctenmnds. On die 
other hand, support for basic r^earch wd fc^* training stud^ts is {ntqsoly 
tl^ government's responsibility, because bc^ th(K»e efforts build tte 
knowled^ and talent i^se. 

In 1981 technology (tevelopment claimed the lar^st firacticm of U.S, 
government supprat for research and devel(^nmnt, while suppCHt for basic 
research hi^l the snmliest fm:ti(m. By 1984 th(^ pricHities hi^ b^ 
reversed — ti^ result of a nt^krly 60 percent rise in govemn^t funding 
for basic research Aom 1981 to 1985. £v^ though fecferal biKlgets have 
b^n tightly constraint, we iH^ver considered it a luxury to allocate re* 
sources to such fields as nmtheinatics, physics, chemi^, engimmig, 
and the biological sciences. Tl^^ investments in pioneering research will 
te»i to tonK»iow*$ new tedin(^)gia and to toroonow's eccmrauc ^r^igdi. 

Second, we believe government has a responsibility to help universities 
create the environment nee<^ to be in die forefrcmt of basic research and 
the education of new technical talent. Our challenge today, reflected in 
the new Engineering Research Centers, is to sustain creativity and inno- 
vation while r^ucing tte barriers betw^n die pursuit of knowledge and 
the pursuit of productivity. 

One major step we have taken to meet this challenge has been to provide 
such large increases in government support for basic research in univer- 
sities. We have also increased funding to replace outdated research equip- 
ment, improved the access of university researchers and their studtemts to 
supercomputers, and, together with industry, created special programs to 
attract the best young engineers and scientists to teaching cuid research 
careers in universities. 

I have already discussed government's third major responsibility: find- 
ing better ways to stimulate the flow of icteas, expertise, and p^le anK)ng 
our extensive government research laboratories, the universities, and in- 
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dasxry. Airaii]^i»nts like the ERCs are ^>od exaiiq)les of bow we can 
do that. 

Hn^y, the foor&i gcml of gomnn^t for $cieiK^ and technology is to 
be mem akn to enwging tedmok^ral q^xntunit^ ami to make sme 
diat we ctevelq) tibe knowledge ami talent base fnr imhistry to draw 
(Ml. In ^ past our ^v»nnKnt has iK>t always paid sufficient attention to 
tl% o]q)ortyniti« tor doing this, aiKl sotm oiqx»tunities have b^ 1<^. 
Lost q^xntuniti^ in today's highly omqi^tive midd can be very ex- 
pensive. Fot exan^^le, ovct tte years oiu* federal govemnnrnt has spent 
Ullic»» of dollars cm tt^ molecular biology thitt nwie pc^tble today's 
tm^ednK^ogy industry* But by focusing so intently on n^cal ^lica- 
tsmis we may be failing to <tevelq) similarly far-reiK:hing applicmicms in 
i^rtoulture, and even in manufacturing. In die United St^, as in many 
<4ter oHmtries, diere is a real danger of letting oth^^ assume industri^ 
leittte'diip m profitable i^w fields of techiK>logy, even though we have a 
start thr^gh immen^ inv^tments in the research which has estab- 
listed dK>se fiekis. 

Returning to my earlier anecdote, I wish I could have transported my 
fellow <telegirtes from Venice K> the ERC symposium. I think they would 
have seen aiKi sppreciBisd the kinds of attitudes and kinds of steps one 
has to take to create an atmo^ere for industrial competition and fOT 
ec<Miomic growth. 

A second as^cdc^, which may be well krn^wn, is nevertheless worth 
repeating. Recently David P^kaid, a man I consider to be one of our 
great Am^cans, <^>^rved to me that there are scMm very clo» parallels 
b^een succ^s in industry and suc(^ in professional sports. He said 
diat three furtors det^tnii^ tbe» succ^ses. Om is the t^hnii^ skills of 
iiKlividuals. Neverttel^, basic skills aie ^^ntially evenly distributed 
among teams, as they are amcMig a>mpeting a>m|mnies. So the other two 
factors make the different in tl^ outcome of cmnpetition. is the 
iiKlividuals* zeal to win, and ti^ otter is how u^ll they work toother as 
a learn. Few people have shown more suc^ssfully dian he how those 
traits can be mobilized in industry, so Vm inclined to teke his observation 
seriously. H^ily, in the |^ few years we have s^n a strong rejuvenation 
ctf that zeal to win in An^rica, a reaction to the international pressures 
di^ we have felt on all sides. 

My obj^ in relating this story is to reinfcHce two points. First, we 
cannot play the industrial game unless we have the technical skills and 
d^ zeal to surpass <Htr competitors, and that brings us b^k again to the 
i»ed for a strong basic research envinmn^t, the spawning gnnmd f<^ 
id^ and talent. Seomd, we i^d better teamwork. We need to continue 
building ^per^ion and broad supp(»t for science and technolc^ not 
just between the administration and the Congress, but between acactemia 
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md if^nstry too — with all acccp6n$ rMponsMity for makiog sure we 
nurture tbo9» technical sldlls and translate d»in into ^actice. 

We have an ^citing qqx»tunity bef(ne us in d» Engii^nring Research 
Centers. I want to {Hit on record my strong support for what is being 
attempted. I hope to have opportunities over the next few years to follow 
their i»ogr^ ami celebr^ their suc^. 

DISCUSSION 

A numbo- of syn^x>sium participants from uniwrsiti^ aiKl hnlustty 
ask^ qacsAoos relating to intranational M)nq)^tiven^ ami tiie role ctf 
the ^Cs. Regarding the hitensiflcati(»i and expansion ai Japan's activity 
in the semicomhK^tor field, Dr. Keyworth exi»«ssed optimi^ about the 
future of Ameri^ indi»try. Far from igmning Japaa^ competition, he 
said, "America is rising to die c(»iq)^ticm in a veiy pow^fiil and vital 
mamier/ * Althou^ capital costs and other factors wiU remain tnmblesome 
for the United States, tedmology and telenr are two areas whov we 
c<»vtmue to lead. With regard to the obstructive bushiess practices and 
attitudes toward R&D and ccanpetitivcness that prevail among many of 
our Eun^>ean alli^, Dr. Keywra^ was confident that ^ sitmoion in tb& 
United States is mudi tealthier. In i»uticular, hs aotod th^ ^ extent and 
scope of tile puUic dd)ate on th^ is^ies is vduable and reassuring. 

qu^tioi^ drew a conq>ari8mi between die ERCs and it» nati(nal 
laborattm^. Dr. Keyworth pointed out that while the sunilarities are 
stnmg, d» nati(mal l^x)ratori^ have been con<»nied with n»eting gov- 
emn^nt requiren^nts. He (^served diat die educational function of Hbe 
ERCs and t^ir lo^k«n at univasities gi^ d%m a dilfi»ent and poiiapti 
more fiindan^ntal role. 

Asked to pro^ future funding leveb and numbers of ERCs, Dt. Key- 
worth made sevraal notable comn»nts. He pr^cted diat the current budget 
appropriation (for 1986) will be the difficult one for the ERCs to 
weather, but that beyond that "we are going to see monumental growth 
in diem ... we will be seeing units that exceed doubling for some time 
to corns." Bas^ on the (temand for such Centers, as evideiK^ by the 
number and quality of pro[x»als. Dr. Keyworth said 1» "would be very 
surimsed if we didn't see die &igii^ring Research Centers becoii» «nne- 
diing on d» order of 10 percent of the National Sciem» FowKlation 
(budget] m a very stort period of time.'' He esqnessed his belief di^ die 
conce{A of a joint university-industry multidisciplinary research mstitute 
is long overdue, and Uiat it will spread beyond the NSF to (Hh^r a^ncies. 
Hius, he said, "I refiise to accept 20 [Centers] as any kmd of a top." 
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I believe that the nwn way in which engineering research and education 
can ccmtribute to the international competitive position of the United States 
is by tnidging and stortening the gap t^tween the generation of knowledge 
aiKi its plication in the maiiceQ>l^. 

Today fundamental scientific knowledge is one of our most effective 
fmns of foreign aid* Unfortunately, it hai^iens to be foreign aid for our 
rivals — most notably tl^ J^ranese. They aj^ni^ate our research effcnts 
so much that tteir industries spend two-and*a-half times as much money 
fimding university ami nonprofit research labor^ries outside their na- 
— mainly in the United St^s — as they spend on such laboratcmes 
within ^ir own country. Ai^ J^>an pays us i^arly a billion dollars mone 
for patent licenses and other forms of techm>logy in^rt than we {my 
them. That favorable balance of tracte in ir »tlectual property more than 
doubled in the 19TOs, the d^ade when all jtjier balance-of-payment fig- 
ure with Japan were moving in the opposite direction. 

Those numbers challenge an assumption diat many of us make auto- 
matically, which is that the answer to the problem of international com- 
petitivemss is to do more and more of our own research. But Japan *s 
experience shows that it is possible to succeed in international technolog- 
ical competition ^ile relying on oti^rs for fundamental knowl^ge and 
for really i^w ideas. 

CH>viously the Japanese example should not cause us to rush off and 
blindly imitate their methods. But it should cause us to question our 
accepted ideas about the relation of research to international competitive 
strength. Tliat questioning could have a variety of outcomes* 
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Om might be to OMKlude that we are doing right kimls of basic 
inarch, but that we are nuking it too easy fc^ our int^^onal rivals 
to g^ their tends on the results* The cure would be u> put controls on 
movement of chit tesic r^earch results mtoss international boundaries. 
Such a policy would be shortsi^ted. Any conceivable method of slowing 
(k)wn flow of fiindan^tal ideas to our mnpetitors would severely 
dam^ our own creativity. 

A second possible ccHK^lusion ccmld be reacl^ dux>u^ r^xamining 
the link between research and international competitiveness: our govern- 
ment might be o\'erinvesting in basic research and umterinvesting in ap- 
plkd r^earch. Hie cure might be to shift tte focus of our national research 
effort further in die direction of govemnwit-fun^ aj^li^ iiftsearch and 
away from fimdamenml research. I believe this also would be slK»tsighted, 
Government must not turn from the ^)prqpriate job it does well— sup- 
porting basic research — to an ina|^>ropriate (wie it does poorly: trying to 
anticipate maricets in areas where it is neither a consumer nor a producer. 

ENGINEERING RESEARCH PROVIDES THE MISSING UNK 

An umterstanding of tte link between research and international com- 
petitiveness leads instead to a diird comrlusion. We must build on, radier 
dian abamlcHi, oi^ of our greatest strengths— our limdamental research 
capability. But we aho must ensure that it is our nation, not anmher, diat 
receives most of the benefit from that strengdi. How can we cto diis? Fmt 
and fc^nK^t, we must put our own fundamental advance to use more 
quickly than others do. We have to increaw our effOTt in the kind of 
rese:jx:h tlmt bridges ti^ gap between fundan^ntal scientific research and 
application. That kind of research is engineering research. 

The point can be illustrated witii a story. It begins in the 1880s widi 
two German physicists, Julius Elster and Hans Geitel, who were studying 
electrical conduction in gases near heated solids and flames. They dis- 
covered that if tl^y enclosed the gas and twD metal el^trodes in a glass 
bulb and heated one electrode, an el^^tric current would flow in one 
direction, but not in the ott^r. They had m^ one of the Hrst electronic 
devices, a vacuum-tube rectifier. Yet nodiing came of their discovery. 

One might ascribe that failure to the fact that Elster and Geitel were 
pure physicists, uninterested in applications. However, at about the san^ 
time the same effect was discovered by a man no one could accu% of 
being uninterested in plications — ^Thomas Alva Edison. Edison secured 
a patent on one application of the effect, but it proved to be of little 
practical value and he dropped it. 

Two dec^es later, in 1^, a British university engineer nan^ Am* 
brosc Fleming took up consulting work for the Marconi Company on the 
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detectkn of radio signals. That problem inspired him to undertake some 
tK»ic«iigii»efing r^arcfa cm the old iitea of Els^ and Oeitel aiKl Edis(»i. 
He aKx»e(ted in using t!» (kvice as a radio (Sector, ami modem elec- 
tnmics was bom. Rnthemore, because of his ties widi the Maitoni Com- 
pany the British were able to take advantage of the technology before 
anyoiK else did. It helped them dmninete eariy twentieth-t^tury radio 
sad etoctrcmics. 

Fleming was an engiiK^ who did neiti^ pure science nor pure engi- 
nening. He did engineering r^earch. He was a m^ who knew science, 
but aimed to use it for a practical end. He took on engineering problems, 
bit frcnn tl» staiKlpoint of developing gen^ knowledge and capabilities 
essemial to solving those {m^lens rad^r than develc^ing products or 
im)c^ses. He wmked in a university, but ^ap^ his r^earch M:«)rding 
to tte jnoblems toni^t to him by industry. He was not an intellectual 
Isomer like Faraday, a great experin^ter like Rutherford, ix a great 
d^Hetician like Dirac. But he was the right man wiA tte right set of 
talents at the right time. I suggest that if England had excelled in producing 
ami (noviding ttx right aivironment for many more research engineers 
like Iteming, just as it exccll«i in providing the right environment for 
file voy few capable of reaching the Iwights of Faraday, Rutherfoni, and 
Dnac, tbs eoMiomic history of EnglamI in the tv*«ntieth century might 
have turned out very differendy than it has. 

Floning is not an i^la^ example. I rould wjually well have chosen 
other engineering researchers—son^ operating in universities, some in 
industry, and some in government— such as Charles Steinroetz, W. L. 
R. Emmet, Benjamin Carver Lamme* Robert Watson- Watt, Frank Whit- 
tle, George Campbell, Vladimir Ipatieff, Nikola Tcsla, Eugene Houdry, 
Wanen Lewis, Gabriel Kron, Claude Shannon, Karl Bosch, and many, 
many more. 

A Neglected Element of the Technology Development Process 

The names on that list are not household words. And that is pr«;isely 
the point. Engineering re^archers tend to be overiooked. Our national 
scien<» and technology policies are not designed with them in mind. Those 
policies do a good job of supporting fundamental science. Our industries 
do a good job of suRJorting engineers. And our entrepreneure and venture 
c^talists (k) a gtwd job of providing resources for inventors. But in the 
past little was done to support the work of engineering researchers in any 
formal way, even th<Nigh they proved themselves to be enormously val- 
uable assets in international technolosical and economic competition — as 
Steinmetz, Emmet, Kron, Lamme, and Tesla were in the electrical in- 
dustries, as Campbell and Shannon were in communications, as Watson- 
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Watt and Whittle were in the aoospa^ field, and as Ipatieff, Houdty. 
Lewis, and Boscfa woe in chemistiy. These people turned the pnwtical 
problems of industry into exciting research challenges. They ignored dis- 
dpliraiy boundaries and focused instnd on needs and cm results; and tl^ 
embedded their research in the process of innovation, rather than producing 
disembodied knowledge. Those are the faalhnarks of prodiK^tive engi- 
neering research. 

The peq^e I've nan^ may now be history. But die role diey piayed 
is more impoitant today than ever before. That middle ground ttey oc- 
cujHed between «:}ence and engineering — the region where the leading 
edge of research meets the cutting edge of an>licati<m— is rapidly becom- 
ing the key banlegrouml of international eccmomic (»)mpetition . Tim btftles 
over comi»tter-integrated manuf«mmng, very large scale int^r^d cir- 
cuits, conununic^ons systen^, ^vanc^ engine^g materials, artificial 
intelii^nce, bic^hnology, supercon^nit^, software, and many otfier 
fields are just b^inning. It is in just those fields that we will need tte 
particular strengths of engiiKering researcl»rs. 

Hiis conclusicm is echoed time ami again in stwii^ by die Committee 
on Science, Engineering, ami Public Policy (COSERJP).* In the fieW of 
cmnputer-integrated manufacturing, fcH- exan^le, the committee fbui^ 
U.S. efforts hampered by a perv^i\« lack of knowl^ge in such areas as 
g^mietric modeling and analysis, hun^-comput^ interfaces, and knowl- 
edge-based and expert systems. It ctmclwted that "univosities have been 
reluctant to gra{^ie with the larger problems of integration,'* ami (^led 
for universities to "educate a i»w breed of engineers who thorou^y 
understand all asp^ of computer-integrated manufacturing." In the field 
of ceramics and conqx^tes it foumi that we n^ knowledge of structure- 
t»ioperty relations, failure m»:hanisms, and d^gn {mnciples — knowlolge 
diat will require collaboration among mechanical engineers, cltemical en- 
gineers, chemists, physicists, and materials scientists. In agriculture, 
maintaining American leadership will r»]uire die collabor^on of agron- 
omists and molecular ^roticists. In biot^hnology, die committee found 
diat we need "a knowledge base in process engineering diat combines the 
skills of die biologist and the chemical engineer." 

Missing Elements in the Education of Engineering Researchers 

We need more engine^ng research, and we need more engineering 
graduates who understand how to do engineering research. We n^ to 
put them to work in diose areas where economic competitiveness is at 
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stake; and we need to make sure that the knowledge they generate and 
tte gukb^ tf»y }SDvide pom^ate ^ whole ^igineering <»mmunity, 
not just the research ctmununity alone . We need wider and stnmger bridges 
between the peq>le doing engiroering in industry and the people teaching 
^ii»m]^ ami doing researdi in universities. 

In ^ i»st we have mM, as a naticm, paid encHigh attenticm to dime 
bridges. The people on my earlier list did become engineering le- 
searcters because of any role played by the government. Son» did so 
because they coald not find any other job; one did «> in the course of a 
hitdihiking and walking trip around the mxld; ons was a ^ialist racking 
tfK pOKcuticm of a nati<mal^ ^i^rnn^it; am^iex was a nationalist 
escaping the persecution (tf a socialist government; one initially could not 
find a {dace m either the engineering or tl» scientific staffis of a majoff 
oofpmatkni, and created his own role. 

Wlat was true in those classic cases is still true today . Few engineering 
researchers en^i^ directly from the gradu^ schools. In sons ways they 
resend^ tte religious sect known as Shakers. Like the Shakers, who wese 
renowned for fine furniture and for the invention of the circular saw, cut 
nails, fl^ brooms, and n%tal pen points, aigineering researclwrs can also 
claim admiiBtion for their good woiks. Unfortunately, the Shakers thought 
neural propagation a sin, and relied on conv»sion sioae to replenish their 
ranks. As a resuh, d^re are not many Shakers around today. 

Engineering researchers also fail to replicate their kind. However, with 
lh«n it is not a matter of morality but a m^ter of q^xntunity and incli- 
nation. It often takes years of experience at other jobs in science or in 
conventional engmeering to turn a pers<m into an engineering researcher. 
By that lime he or she rarely has the opportunity or the inclination to train 
the next ^nwation. Members of each goimtion typically are trained in 
a convCTtional engineering program, which gives them the appropriate 
dp^cuticeship for a career in engineering but not tl» appropriate knowl- 
e<^ge for a career in engineering research. Or else they are trained in a 
science jnogram, which gives ttem die ^^>rot»iate knowled^ for research 
but not the appropriate apprenticeship for making use of that research in 
the solution oi jnactical problems. It is rare for a graduate student heackd 
ffxt a career in engir^ring researdi to be exp(»ed in gr^uate school to 
a replica of the wvnidng c(»iditions or professional relations that he or sl» 
will later encounter. This situation sharply contrasts widi that of scientists, 
who are trained in the kind of laboratories in which they will later work. 

THE ENGINEERING RESEARCH CENTERS: BRIDGING GAPS 

As a result of these missing educational elements there is a gap between 
the generation of knowledge and the application of knowledge. And there 
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is a gap bet\raen iqqmoticediip of potential engineering researcters 
and the role d^y will eventually fill. Tte Engineering Reseaixrh Centers 
have been to Inidge those gq». However, the notira of tnidge- 

btiikling ^nmld ncA be int^pteted in too limited a way. The principal 
features of die Centers are often described as (1) imlustrial support, 
(2) interdisciiAinary scq>e, ami (3) research aim^ at utility. Tbo% de- 
scriptions are correct, tmt they are too narrow. Hiey miss the essen^. 

Bridging Gaps Between Universities and Industry 

Hrst, tte tnidge established betw^n universities ami industry should 
carry much more than money. As one university {^ident put it, ''Don't 
just said us your money; send us your peq^le who understand the critical 
I»Y>blems. Just sending moi^y is not Plough/' 

Sendmg im>blems does wA n^an semiing affiled research problems. 
The idea is not to create Centers that are, in effect, job shops for industry. 
The r^earch at the Centers should be fundamental re^arch in the areas 
of engineering practice being taken on by industry — that is to say, its aim 
is not building robots for fiK:tories, but generating new umterstanding of 
the fimdan^ntals of robotic vision, touch, and control; ncK programming 
expert systems for use in diagnostics or ie{^, but generating new un- 
derstanding of knowledge representation, %arch and logic programming 
t^hniqi^, heuristics, analc^i^, causality, and tl^ c^her fundamentals 
of artiflcial intelligence; not building biotechnology prcxluction f^ilities, 
tnit developing unit of^rations concepts for biological prwesses. 

The goal of indtistry-university interaction should be die establishment 
of a two-way flow of infOTmatira. From industry to universities should 
flow an understanding of the barrier problems that practice is running up 
against. From universities to industry should flow the knowledge and talent 
ne^led to overcome the ^ndamental problems. The main {X)int is not to 
drive universities away from fiindamental research, but to orient them 
toward the areas of fundamental research that are mc^t needed by industry. 

Bridging Gaps Among Engineering Disciplines 

Another important feature of the Engineering Res^ich Centers is their 
cross-disciplinary nature. But here again one should not take a narrow 
view. This is not just another interdisciplinary program; such programs 
more often than not simply connote a collection of Sf^talists in different 
disciplines sharing office space or secretarial services. We need organi- 
zations who^ shape is dictated by die problem to solved or die type 
of result needed, rather than by die disciplines involved. 
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I am under ik> illusions about the difficulty that this entails. What we 
aie reaDy taUdng about is a clash of cultures: the probtem-solving culture 
<rf«igii»cring practice versus the discipUnaiy culture of engineering sci- 
«we. HiCTe will be resistance to cl»nge aal suspicicm of chan^, just as 
0Mre always is wfaenevo- cultures clash. 

However, m my view such an intnacti<m of cultures does iK>t weaken 
the discifdlnaiy base; on the ccmtraiy, it «rengthens it. Programs that 
trmscoid disciplii^ can enhuKe d^i^inary research by revitalizing 
established fields ami creating new ones. This is an area in which industrial 
research and def^ise research, both of which inherently transcend disci- 
plines, have led the way. Look, for exan^te, at the role of a one-man 
interdisciplinaiy project named Irving Langmuir and his enormous con- 
tributions to surface cbemi^ and plasma i^ysics, as well as to tl^ 
invention of better light bulbs and electronic tubes. Look at the contri- 
l»tfions of interdisciplinaiy teams at Bell Laboratories to die solid-state 
sciences. And look at the revitalizing effect that highly goal-directed, 
interdisciplinary World War II programs, such as the ones at the MIT 
Radiation Laboratory, had on jAysics when the participants took their 
new-found electronics skills back to tteh- laboratories and started applying 
^xm to nuclear magiwtic resonance, high-energy physics, and radio as- 
tn»Knny. 

TTiese examples illustrate my point: we should not be concerned that 
traditiraial disciplinary research structures will be replaced by a new kind 
of interdisciplinary work done at Engineering Research Centers. Instead, 
we will see the emergence of new ways of doing research that will enrich 
^ng disciplines, revitalize dormant ones, and create some new ones. 

Bridging Gaps Within the Innovation Process 

Rnally, and most difficult of all, we must not take too narrow a view 
(rfthe relation of engineering research to innovation. Instep we must ^k 
to embed engineering research in the total process of innovation— a pro- 
cess that extends from identifying the market all the way through pro- 
duction, quality control, maintenance, and improvement of tte first product 
into a real winner. 

Ttese parts of the innovation process cannot be separated into watertight 
o»npartments. The separation of maiiteting and engineering has killed 
many promising innovations in dieireariy stages. Typically, the marketing 
people do not know enough about the future possibilities of the technology 
to ask the right questions of the users, and the technologists do not know 
enough about the users to ask the right questions of the technology. The 
separation of engin^ng and manufamiring can be just as fatal . Typically, 
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the engineer knows too little about the possible ways the product migitt 
be mmufactured to ^ rigln qu^knis abmit flw design, ami die 
manulBCturing manager kmms too little about tiw reasons bditnd the 
design to ask die righ) qiiestioos about the production jnocess. 

As total-process awareness is built imo the work of die Engineering 
Research Centers it shtnild reflect die spirit of an expoiment carried out 
by die late GeMge Low, who was a proi^ and pione^ of die Engmening 
Resean:h Cent^ concept. Ge«ge liked to tell abrait a teaching jsogram 
at his school, Rensselaer Pdytechnic Institute (RPI), involving cinnposite 
materials. To train engmeers, he believed, it was not enough just to eicpose 
tl»m vo couTK work hi d» dassroon and d» labMatmy; dwy also l»d 
to experience the frustration and d» excitement of putting advanced tech- 
nology to woxk. In (me [articular pro^ ^ ^iKharts cos^dvcd of a 
jHxxiuct — a glido" made of new composite materials — and then immwsed 
thonselves in all ti» diffkulties involved in "gating a product out die 
back door." For die final exam tiiey were apparendy rec^iired to test-fly 
die glider diemselves! Fwtunately, die gli<te flew. And so should die idea 
behind it. The Engu^ering Research Centers diould accustom stud«tt8 to 
tte i<ka th^ die engineer does research in (xdm to do , not nunely in (xc6a 
to know. 

SUMMARY 

The most effective way fra- us to employ our national R&D effect to 
improve the nadon^s intemadcmal con^wtitiven^ is by narrowing d» 
gap between the genoiation of knowledge and die use of knowledge. The 
pl^ whoie the United Stirt» am wkiitional advamage met <m 
MiaAd c(HnpetitOTS is dw au6dto grouml b^ween sckntifk r^earch and 
engineering — die domain of engine^ing research. In die past we have 
relied on chan<» to produ(» engmeering re^archo^, and Imw m»le no 
concerted effort to create instituticms deliberately desiped to have die 
pnmaiy focus on engineering re^arch. We are m>w designing st^h in- 
stihitions. We should design them to create links widi industry diat cany 
not only moi^, but also the i^ctical barrier problems th^ inspue re- 
search. They should be fashioned so as to be not merely interdisciplinary, 
but prd>lem-oriented in a way that transcends disciplii»s. And finally, 
they should be fashioned so as to imbue stiutents — ai^ perliaps even 
professors — witii aii understanding of die tnie role of research widiin die 
entire process of innovation. 

DISCUSSION 

Two questions from die audience suggested that problems of the am- 
petitiveness of U.S. engineering are at least pardy a result of shortoomings 
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k of indostiy. In answering, I>. Sdunitt exjnessed his be^ 
^ siwuki not atteaqtt to restrict publicatksn 8»! ow^ 

research tiiat it fimds, and that the way to gain coain»i c i al advaitfage 
frt^ ftmrfamental rMearofa is to be in a positiM to esq^t it rapidly. He 
dSsagited with the assenirai that industry graerally h^ trouble undo-- 
|- mding and intenidii^ with university reseaichefs, or c^talizing on 
1 "^^^with p(Mential long-t^ relevance. At least in tte case of large 

ooipwate laboiatories diis is certainly ik^ trut, he said. 
1^ To the sug^cn that son»0tCs might be located outside univmities, 
he coMtfefcd that universities must be the site of all Centers and that the 
f p(^<tf^Q(Oistofc^nti»aossHliscsi4inaryqq)roi^in^gii»«ing 
|: tesesBi^ at univmitks. The focus on the probl^n rather than the (fisdpline 
I can be instrumottal in simulating invrative^ss within die culture of tte 
I univenity. 
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The complexity of the rclatkMis among scieiK^, engineering, ami tcch- 
iK)logy, and particularly the depend^ice of science on e^vances in engi* 
neering, are m)l well umlerstood by scientists — or by most engineers. 
Science, engincmng, and technology are three different spheres of activ- 
ity, e«:h with its own perspective and dynamics, yet together they stould 
be s^n as a whole, a system. Progress in each contributes to, and depemls 
on, {»t>gres$ in the others. 

Consider first fiindan^tal differences among these three areas of 
artivity: 

• There are many definiticms of scieiKre, but for my pr^nt puipow I 
use a simple cme: Science is the pr^Kess of investigating phenomena. This 
pnx^s leads to a body of kiu)wledge oMisisting of theory, concepts, 
methcxls, and a set of results. 

• Engineering is the process cf investigating how to solve problems. 
This process leads to a body of engit^ring knowledge consisting of 
concq>ts, methods, data bases, ami, freqi^ntly, physical exfmssions of 
results such as inventions, products, and designs. 

• Technological innovation is the prcKess that leads to more effective 
production and delivery of a new or significantly modified ^>ods or ser- 
vice. This pnxess also creates a body of ccmcepts, techniqi^, ami data. 

Some scientists believe that discoveries flowing from their worit drive 
engir^ring and technology. This is true encni^ in many ca«s, but ad- 
vances in engineering and technology also drive science. TT^ ^'straight 
lii^'* conceptual model — with progress passing from science thmi^ 
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eagmeering to technology— is not only far too simple to describe tte 
eimfiien. intnacticms, it is simply iiwOTiect. In^ead, we slKMild think of 
a triffligular nxxiel with «;ieiK>e, engii^^ng, and techf»l(^ standing at 
d» duee etmets, and ve^trs evicting inten^cNis running ftom e«;h of 
tte poiiHs to tl» (^i^ two, always in hc^ ^atc&om. 

EKfftanrocM in 8{^»0M;h and outkx^ scm^in^ keep persons in one 
area fitnn fully respecting tiie wc»k per^nis in die <^ier two areas and 
fiinn fully a}^»eciating tow mwrh dieir own work dqp^s on th(»e <^rs. 
This gl^) in umterstanding, in ^pino^h^ and langua^, sometimes ap- 
pears ahnrat as tmmd as die gulf between die literary ami technological 
cultures diat C. P. Snow talked about a quarter of a century ago. 

Broadly speaking, scientists i»«ss fra: in^rstanding, which they express 
» ccmc^, dMOTi^, and ]M:edicti(H». They are fa«nnated by the universe 
ami ite nomral a* social phenomena. Tl^y push forward die frontiers of 
d^ flekls by finding new ways to <^>ser\«, qualify, escribe, and relate 
dutt part of ti^ unimse that interests than, lliese are clearly intellectual 
ai^ cre^ve acts. 

Engineers ctesign, invent, ^i^ r^w diings, make i»w proc^Ks, and 
relate (xmc^Ms to ^Ive particular pn^lems or to uncover priiKiples un- 
derlying a class of jsobl^ns. H^y also strive to ui^erstand die j^nomena 
ttey aij dealing with, ami attemi^ to develop the concepts and dieories 
required to underpin dieir work. These are also intellectual and creative 
1^, no less so than in scientific research. 

Bntlmmore, the existeme of tmsic engineering qu^ons and the pur- 
suit of answers to diem dirough research (teny d% common idea diat 
engineering is only applied science. S(Hne of die tt^cs addressed by 
engii»m are as finKlan^ntal to their fields as tc^cs in basic »nem% are 
to sc^tists, F(H- exan^le, research on die un(teriying {ninciples of design 
diecHy , or on how to create new mmerials and use d»m in manufi^mmng, 
mm how to scale up biological processes all raise ver> fundan^ntal 
isst^. 

Tl» developers of t«;hiK>logy, who are frequendy trained engineers or 
scientists — altlKNigh at times they are persons widKHtt much formal train- 
ing — turn (tesigns cm* ideas into products or services dim can be used by 
many. Hiey do diis essentially by bringing to bear re»}urces such as 
momy, time, manufacnuing capability, and talented people. Some of die 
(tesigns, models, or ideas may have been around for a while before the 
developrais of die technolc^ combined diem with odier ideas. In aldition, 
factors siKh as manufacturing coits, d» potential market, and regulatory 
matters are taken into account more explicitiy in technok>gy development 
than in research. 

The scientist who truly understands diese differences in appro^h will 
not look down upon engineering or technolc^ical innovation, just as die 
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re^aixrh engii^er or manufacturing ragiMCT, though jjn{^tient for results, 
should umlerstaml that quality ^ientific woric must follow its own dy* 
immics* 

EXAMPLES OF THE CX)NTINUUM 

Hie b^*known examples of tte flow of icteas acrros and anK>ng die 
three areas of activity are classic cases in ^ch advances in ^entific 
dKnigbt did {mcecte and drive technolc^od de^^lqmients. The woric of 
Towi^ and Sdiawiow in inventing the ma^ and laser is a good case in 
points The flow in this direction is tl^ commonly k^i^^ model. 

Hiere are two primary ways in which engii^ering aiKl technolo^ drive 
science. Fir^, tl4 cfevelopn^t ot instruments has q)ened up whole new 
areas of investigaticm and given ti^ scientist ever nK>re powerful fcmns 
of oteervati<Mi and analysis* ^cond, many useful in^^ticms ha\^ bem 
(kvelq^ed without the benefit of scientific wc^ic, and in f^ have led U> 
1^ developn^t of f»riiK:iples or theory — sometimes to whole new areas 
of science. 

Many specialized instruments are cnicial to advancing research — we 
all recognise how common lasors, computers, ai^ otter (tevices have 
become in the labcnitfory. AikI there are many more examples of tech- 
nology and engineering stimulating science tfian might be supposed. They 
can be found throughcHit historical times right up to tte present. 

Son» of tte best-lcm>wn histcmcal exan^>les are found in electrcmics, 
optics, and n^hanics. For instance, 40 years aft^ Volta invented the 
t»ttery, Faraday finally explained how it wcnlced. The technology of 
(diotc^raj^y was wc^ed out by artists, craftsmen, ami amateurs of evoy 
sort (teciKies before physicists aikl chemists umterstood {^tography*s 
underlying prirK:i|ri^* Peiicins^s woric on dyes in the 1850s led to exper- 
in^nts in making flavorings and pharmaceuticals, which led in turn to the 
theories underlying the chemistry of pheiK)ls and aldehydes. 

from such beginnings much of mockm physics, ctemistry, and biolo^ 
emerge. However, we not lode that far back to see that the exper- 
iments of enginwrs and technology developers (hive advances in scientific 
thought. Modem examples can be found in many areas. 

Hie field of computer science only arose in lai^e part from ^mi^ 
to tniild computers, but continues to owe a great deal to technologists and 
engineers — and for that matter to thousands of amateui^ who develop 
|m)grams and t^hniques as a hobby. Twice great tech!K>togical devel- 
(^ments in computers have stimulate the science of computing. The first 
such case oa:urred here and in England as part of the World War II efforts 
to break the German military code aiid to develop the atomic tK>mb. The 
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seccK^ can^ with revoliiticmary shift to veiy large xah integration, 
as misiidtunzation and related manufi^mning {voc^sm Imught widi tbem 
many qi^icms about what was going cm at a smaller scale: ^ h^\m 
of n^tals in tfiin layas; tte surf^ intuition of silicon, polyn^, and 
n^tals; ami many mosc j^^iKm^na. R»earch in li^e areas has led ami 
is toding to new rckittilic msighti, d»(m^, aiKl discoveries. 

Ttenxxtoninfmimticra era was initiated in 1948 whraQaude ShanncHi 
{Hiblished two i^p^ cm a general mathematical tl^ny of a>mmimicaticM» 
systmns. This wmk was t^sed <mi his attoi^ and tlK^ of his coUe^^u^ 
m Bell L^)orat(»ie$ to tr^ ctown and o^itrol mnse in teleplKme com- 
numications chaimels« Shannon was an electrical engines with a ik^cuxuie 
in ma&emattcs who drew on am! contritmted to knowled^ in both fields 
solving a prc4)lem of great pia^ical inters. SiiKre ^n ri^earchers 
in mad^matk^s, amqnttnr ^ence, information science, electrical and 
com pu ter engineering, ami crtter fields have iHiilt on his work. 

Owds Shanmrn retired in 1972 after a l<Hig career at Bell Laboratories, 
having also been a visiting {nv>fessor at MIT, and having w<»i many honors , 
inclwiii^ Medal of Houot of d^ Institute of Electrical and Electronics 
Engineers (IEEE) in 1966. I am delighted that the National Academy of 
Engineering recognized bis work, however belatedly, by admitting him 
in 1984. 

AnKmg other modem examples to be found in many fields of res^rch 
I will cite catalysts, which have been used in many proces^s for sorm 
tm»f widi little understanding until recently of the science behind them; 
ami pharmaceuticals, son^ of which were u^ for years before neuro- 
biologists arrived at the modem tmcterstanding of transmitters, receptors, 
and blockers. 

To f^um to my main point, then: science, engineering, and technology 
can prc^>eriy be viewed as a continuum, with icteas, techniques, ami — 
nx^t important of all — p^ple moving from (me point to another in every 
direction. 

CROSS-DISCIPUNARY WORK AND ERCs 

How does this discussion of the continuum, the cross-toundary move- 
n^t, relate to tte Engimering Research Centers? I believe that when we 
lock at tl^ Centers in several years and evaluate their contributions we 
will find new and very significant examples of the flow of ideas and people 
back and forth across the disciplinary iines of science and engin^ring. 
Research in general is moving toward greater integration, more interaction. 
Wl^^ areas of research may converge, the Centers are design^ to fa- 
cilitate that convergence. 
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Such con^rgei^ is occurring not only among engineering disciplines, 
tHit anmig scientific disciplines aiui between fields of Mrienra and engi- 
luring: 

• BiotMfanology is rapidly (tewloping as a field, but defining wh^ it 
encon^)asses is not easy: several f^kls of tnology , plus chemistry, cbem- 
i(^ engin^ing, ami physi<^, at least. Their intei^on demands a new 
bleed of engines aie tl^y scientists?) who can synthesis ideas ^m, 
ami speak the languages of, diverse disciplines. 

• Mat^ials les^ich is ^KHhtf combination of sevmd fields of scioice 
md engti^orii^ «)lid-state cd^nistry and i^y^, cradcnsed-matta' diec^, 
n^talhugy, ramies, and pdyn^ are ^hi^ of tl^, 

• Son^ areas of OHnputc^ science and conq>utCT engineering are so 
clo^y allied diat tl^ir b(Hmdaries are difficidt to perceive. Hiese fields 
are in turn contributing to — and being stimula^ by — work in manufac- 
turing systems, automatical, design theory, artificial intelligence, cognitive 
psychology, and even bioengineoing* 

As die National Research CouiKiFs 1985 Outlook on Science and Tech- 
nology poims out, the fact that researchers from different disciplines are 
working togetter on comnKHi problems is not new, but the breath of 
their woik together is i^w — and so is its importance. Collaboration ^nt^ss 
traditional disciplinary boundari^, if it is to wwk in academia, needs 
strong nurturing and will require flexibility in attitudes as well as new 
(»gani2ational forms. 

In my view collaboration should not be s^n as a threat to traditional 
disciplif^, as some p^le fear it to te. Woric in individual fields will 
fsogress in large ]wt on the basis of discoveries made through woiic in 
other fields, and as techniques and new instruments move frcmi oi^ fiekl 
to another. Continuing disciplinary strength is n^ded as well as continuing 
cross^isciplinary strength. Tte dveat I s« is that university researchers 
do not readily uncterstand or accept the need ioc cross-disciplinary work 
or for organizations that provide tte oi^x>rtunity to do such work. 

Besides the involvement of scientists and engineers from many disci- 
plines, the Centers have three other attributes that will cause their results 
to be widely diffused. The first is Centers' emphasis on involving 
otl^r academic institutions as affiliates. The second is their emphasis on 
building links with industry. The third is their emphasis cm improving the 
teaching and practice of engineering. 

With regard to involving other institutions, a college or uhiversity unable 
to develop and house its own ERC can become an affiliate of one. The 
institutions could exchange faculty memters and students, and they might 
establish computer and video links. Tlie resulting Center with its affiliates 
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might be an evra more pnxluctive entity, ^le to build <m the strengdis 
of all its conqxn^ts. 

Affiliatscms can o^ir in many ways: institutions can submit joint pro- 
petals, as did two of sU new Caters (Maryland with Harvard, and 
Delaware with Rutgers); or ^hools sharing tte geographical or b^cal 
area d a Center may join with it. I hope that as tte C^tm tecont^ 
e^ablisl^ we will see more of this kiiKj of (xx^>a:ati(m and intei^on. 

Craters must develop indusfiial {^rtn^, as experience has slK>wn. 
The firms that involve will boiefit greatly from access to talented 
ttiKleiMs as as the new kiK)wl^^ from research. The university 
r^^orcl^ and student will be equally stimulated by the exchan^ of 
icteas with tfieir iiKhi^ ccnmterparts. 

As ti^ National Academy of Engineaing*s 1984 report on the Centers 
states, ei^ Center must assuiro a tex^ role in engine^ing e^iucation at 
all levels.* This role entails explicit efforts to codify i^w krowl^ge 
ami to bring it to the classroom. Retxiilding tte base of engii^ering 
education Enough moctemizing teaching materials, recc^iizing and train- 
ing te^hors, axKl giving stiH^ts the expoieme of {^rticipating in research 
is one of ^ nK>st inqxntant outcon^ that we can expect of the Centers. 

All of us who have wotlced on the ERC program have very high ex- 
pc^rtatiom for the Centei^. Tlie Center directOTS and tt^ people who will 
woric with thm foce some very difficult — ami intere^ing — challenges. 
Quality, not quantity, will be our guide in establi^iing the Centers. 

Finally, those univen^^ whc^ excdteit im^)osals could ncrt be funded 
b»:ause of budg^ary restrictions sbrald be urged to work with industry 
and with state and local govemmrats to start Centers on their own, or to 
proper a Center to amAl^gov^niront a^ncy. The icteas in the^ pq)ers 
can be us^ to im{»x>ve {»t^3(^s, regard!^ of whether they are eventually 
submitted to the NSF. Tte nation and its research enterprise will be served 
well by having successful and productive Engineering Re^arch Centers, 
whatever the source of their funding. 

DISCUSSION 

Questions to Mr. Bloch focu^ mainly on the n^ for new attitudes 
toward and greater support for engineering. To a question reg^ng the 
relative funding for science and engineering within the NSF, Mr Eloch 
replied that engineering had received one of the largest percentage in- 
creases in the Foundation's FY 1986 budget. He pointed out, however, 
that quality in dollars is not a gocKi yardstick for comparison. Engineering 
differs from science in i number of ways, one being that it is closer to 
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h^u^ astA can tlm«f<»« expect industry to coitribute to its stqqxnt. 
Viewed in this light, tbe NSF is really a "leveraging point" for federal 
dollars; both the ERCs and ti» Presidential Young Inv^gator Awaids 
are exan^les of programs diat leverage federal si^qxMt for engiiwoing 
by ^Kxniraging iiKfa^tiy $tq)port. 

Mr. Bloch agreed with an (^Korration ^ ragii^enng educ^<» has 
lacked die practical, apprenticeship aspect because overall siqjpoit for 
research and t»ching has bem limited aiNl engii^ing has not been given 
high priority. He noted that the ERCs, as well as cooperative and joint 
research emleav(xs among various industries ami with universities, are 
evidence of a "change in tt» cultures'* of govemm^t, industry, aiKl 
academia with regard to engin^ring. 
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INTRODUCTION 

As the papers by Dr. Keyworth, Dr. Schmitt, and Mr. Bloch make 
clear, the concept behind the EngiTOering Research Centers (ERCs) is 
both exciting and promising. TTie iies|»nse the Centers have received from 
the university and industrial communities has been overwhelming, and 
very gratifying. While naany people made them possible, Dr. Low's role 
emfrfiasizes the fact that it sonwtimes takes just one man with vision and 
imaginaticm to influence the course of history. 

To review the ctmcept and goals of the Centers I will supplement the 
National Academy of Engineering report on the ERCs* and the NSF 
|»X)gram announcement by highlighting several points. 

It is ^^Mt^ate to ask whether or not our mode of operation in the 
ERC program ought to be different now that we have gone through the 
mitial phase. Having established six Centers, we are in a much twtter 
positicm to examine what we have done, and also to see whether or not 
the actions we have taken are consistent with the original concept. 

It shouki be said at the outset that the fmal decisions in selecting the 
Centers were very difficult because there were so many good proposals. 
We used one overall criterion in arriving at our decisions: excellence. The 
NSF's ERC imjposal review panel agreed to use excellence as the major 
criterion in view of the ambitious goals set for the ERC program, and in 
view of the enormous hope and expectations that everyone has for the 
ERCs. 
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All of US in the raginemng community can be prcHid of d» f^t itmt 
the review i»nel experi^iced no politick f»^ure in arriving at tta^ 
decisions. In tl^ final analysis, the gt^ of the QIC i»pgram simply 
reflect tl^ goals of tte National Science FouiKl^ion as establisted by 
Congr^ in the NSF Act of 1950. Ac^^mling to the ^ ^ goals of the 
NSF are to pronu^ the progress of »:lence and ^igin^ring; to ensme 
the nation's tealth, prroperity, and welfare; ami to secure ^ naticmal 
<tefense. In die ^ise of die% goals the ERCs reflect cnir d^^minaticm 
to strengthen engii^ricg research and education in view of the rapidly 
changing intematicmai envircMinwnt and the need to iiKrrease our {produc- 
tivity. 

Tl^ goals established for the ERCs are very difficult for any instituticm 
or any nation to achieve becai^ they require new kinds of thinking, 
mod» of operation, ami the establi^ment of new kinds of relati(mships 
among our instituticms. But if any oi^anizsdon can help the nation ac- 
complish these goals, I believe the ERCs can, becmise in them we have 
the right pec^le, the right institutional ingr^ents, and all tl^ elements 
r^uired to get the pb done. 

CHANGES IN THE NSF ENGINEERING DIRECTORATE 

RecratJy we have instituted son^ changes at tl^ National Science Foun- 
dation in ti^ field of engii^ering. We belie\^ these changes ate nece^ary 
to n:^ national ne^, tt^ aspirations of the engineering onnmunity, and 
new r^uirements that may be imposed on the engineering community. 
Since these changes have been ma^ to balance and complement the ERC 
pn^ram, a few words atout the NSF's rei^wed commitment to excellence 
in engineering ^ucation and research are in order bef(»e going on to 
discuss the ERC program. 

The NSF reorganized the engineering directorate to deal with the fol- 
lowing issues: 

• research su)^rt 

• quality of engineering maniK)wer 

• facilities ami equipment 

• effective institutional resource utilization 

• ^:ademic infrastructure for emei^ing and critical technologies. 

We have created new programs to support re^arch that is designed to 
establish a science base in fields that do not yet have such a base. We 
have created programs to assist universities in establishing the acactemic 
infrastructure needed to gentiiite kiK^wledge and traif^ people in many 
of the emerging areas in which the NSF has not had much previcnis activity. 
In addition, we have initiated ways of supporting htgh-risk, high-return 
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{Koj^ts even wten peer review gives a mixed rating to the jm^x^^ wotIc. 
Hi^ {TOgrams reinfmx^ ft^ tr^tional NSF support for engineering 
seme and research, which will significantly affect the intellectual and 
tediix>l(^ bases of the nation in years to coa^. 

The NSF is ctmsidering a number of otl»r new initiatives to improve 
tihe quality engineoing nanpower, basic engineering systems research, 
and the i^ization of institutioiuil resources such as the federal laboratories. 
It has a vari^ of iHVgrams that augment and strengthen the ERC program, 
and which in turn are strengthened by the ERCs. The ERC program is 
one of many that sui^XNt university research. We are re^y and we are 
eager to wcnic widi the university community in strengthening the research 
infrastructure. 

RATIONALE FOR THE ERCS 

Oiw of tiK first ques'Jons that people askaJ me when 1 came to the 
NSF in the fall of 1984 was why we need the ERCs. Good answers have 
been gi^n to that question in other papers in this volume, but I want to 
stress that the ERC iMogram is a result of tiie realization that our engi- 
neering sclKwls are becoming increasingly engiiwering-science oriented, 
with gr^r ami greater emphasis on analysis of narrowly focused topics. 
While analysis in engin^ring science is an important facet of engineering, 
it is clear that we have neglected synthesis-oriented skills such as design, 
<^mizati(Mi of engine^ng systems, and system integration. 

Many letters in imlustry and aca<teme wmplain that experimental tech- 
nique and hands-on experience are not sufficiently emphasized in our 
oigiiK^g schools. The way we practice engirding in industry is very 
differnit from the way we teach our stuttente. The ERCs are needed to 
nurture new ideas, encourage innovation, produce better-educated people, 
and i^omote stronger interaction among our institutions, including those 
in industry and government. 

If we do not take these tasks seriously, then 10 to 20 years from now 
in many of our industrial sectors we may be in a very different position 
vis-a-vis other countries. The ERCs are clearly a mechanism by which 
we can correct some of the weaknesses of our institutions twiay. 

SELECTION FACTORS 

Given these reasons for establishing the ERCs, it may ^ asked what 
specific attributes and qualifications the NSF looks for in selecting ERCs. 
I will just cite some of the important factors. 

One important element obviously is the quality of the idea underiying 
ihe ERC proposal. Is there a new and promising idea that can strengthen 
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engine^ng research and ^ucaticHi? Is there a potential for major break* 
throughs, in either an intellectual or a technological sense? The overall 
research idea is the roost important compc^^t of a Center pn^xml. We 
are lodcing fm ideas that can produce many breakthroughs, both in 
ademe and industry* Without such an idea at the core, a Center propmal 
is unlikely to siKrceed in being funded* 

I have visited a large number of univmiti^, and often I have be^ 
asked about ti^ formula for sik:(^ss in ^tting ^C funding. There is ik> 
such formula. If an ERC is woricing on good kteas, the university will 
have no tremble getting industrial supped; stiKtente will be challenge am! 
interested; and universities will be ii>le to foi^ the research team needed 
to make timely {m>^ss« Good ideas will elicit exciten^nt. 

The next elen^nt we look for in selecting ^Cs is research topks. Is 
the problem large em>ugh to ei^le a cross-disciplinary research team to 
work cm it together ami make a major contribution that canned be made 
otherwise? Or does the {proposal contain a collection of unrelated random 
topics? Is the tc^ic relevant to meeting national needs? Are the research 
goals achievable? 

Another element we have t^en looking for is the competence of tte 
Center director ami key particif^ts. Can they achie\^ the stated goals of 
the NSF? Do they have the ri^t mix of peq>le? Are tiiey cajmbb? Do 
they have the neected expertise? 

The fourth element in our thinking is imlustrial su{^x»t. What is the 
likelihood that industry will sui^)ort tl^ type of enc^vOT i»t>posed? How 
much support is there from imlustry? These questions are asked in fiill 
recognition of the fact that industrial suf^xnt will vary from field to field. 
We have to use different measure, depemling on tte area of ccNKrentration. 

A relate factor, also important, is tl^ type of interacti(»i witii industry. 
Is meaningful interaction possible? We believe diat industry's i^rticif^on 
in the research program must be substantial and real; the ERC must bei^fit 
from industrial input in all phases of its operations* Industrial partici|:mtion 
should open up new avenues of research as well as q^pcnrtunities to create 
i^w t^hnologies* It is important that research ideas flow in two directions, 
from the ERCs to industry and from imlustry to the Centeis* We believe 
that this ''two-way street'* quality is a vital element of an ERC. 

Another element that we have been very ccHicemed about is the edu- 
cational aspect of the proposed woric. Sim^ one aim of the ERC program 
is to strengthen both umtergraduate ami gi^uate educati(»i, we have to 
ask: How are they going to involve undergraduate students? At many 
universities undergraduate students traditionally have not l^en heavily 
involved in research programs. If we are going to involve undergraduate 
students in ERCs, in what ways is it to be done, and how are they going 
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to ccmtrilHite to 01C »:tivities? How is the experience likely to enhance 
prcrfi^icMial growth? 

StiU aiK>t}^ elen»nt voy much on our minds is die institutional en- 
vin»ui^. Is ttm prt^tosed ERC really suppcnted by the university? In 
wfam torn ami to what (tegr»? Can the Center ov^ome inteixlei»rtmental 
barrim and ^tually craxhict cross-disciplinary research? Are th^ in- 
ceju&ve systems in pl«%? To whom does the Center director repcMt? Does 

<»> ^ rqxjit to oi» (^»rtn^t bead, or to tte <tean? Can he or she 
really in^ement die g(^s of die Center, and do so through the right kind 
of instituti(n»l structure? We are also interested in deliverables — diat is, 
in what a pn^x}Kd Center could ultimately deliver. 

To Tcpcsst, there is really no conoete formula for success in obtaining 
ERC Atnding. We are looking for creative ideas. We are hoping to be 
5ur{Hised by some very innovatiw concepts. We will even cwisider es- 
tablishing regional Centers in areas wtere diere are no research univer- 
sities. 

MEASURES OF SUCCESS 

One odier question diat is frequentiy asked is: How will die NSF measure 
tte suc(^ of ERCs? Tlwre are bodi short-term and long-term indicators 
we can emptoy to measure dieir suc<»ss. Since Mr. Mayfield's paper 
presents short-term indicators, I will cite just a few of die long-terra 
n^asur^. 

Fffst of all, 20 years from now we would like to be able to see that 
each of d« Centers has contributed in a significant way to bringing ford) 
new ideas that have r^ul^ in advances in U.S. engineering industries. 
There is an appn^ate historical model. In die early l^s a laige number 
of universities in Europe and England, all widiin a 200-mile radius of 
Beiiin, made significant contritHitions to jAysics. In fact, many of the 
concepts we use in engineering today came from die work of physicists 
in diat region. One of die questions I have often asked myself is; Why 
was diis single group of scientists able to develop so many important new 
i<teas ai»l jmnciples? My answer is diat diey had a unique culture envi- 
ronn^nt diat en^l^ them to interact widi each odier and stimulate each 
ether's diougii. processes. 

If diey are siacessful and do their job right, die ERCs will help in 
forming an exciting cultural environment like diat one — an environment 
di^ will create new intellectual frwitiers and many important break- 
diroughs in engineering. The ERCs need to develop fiindamentally new 
concepts and technologies comparable in scale to numerical control ma- 
chining, which was first developed 35 years ago and which is having a 
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me^ itts^ in imlimiy today. We hope d» ERCs will ams up widi 
i(teas tiua, 20 yrars from now, will inqaove (be way we live, tbe «^y 
we function, and the way we produce goods. 

Tte seoM^ tofig-lani nwmure of ERC sum^ is the induct ttey have 
<» mir ediK^tcMud systnn. A tiiixd m^uuie would be tte imiM^ of tbt 
ERCs (Ml tl» in^vm»nt ctf U.S. indu^rial a»iq)etitiveMss. 

NSF STRATEGY FOR STRENGTHENINO ENGINEERING 

Sonoe university jpcop^ are very concerned about the ERCs. They are 
(xnKremed because they are afraid that QlCs will decrease support for 
individual research pro.^cts — that is, {sojects tiiat are initiated by one 
investigate^' woiidng with one or two students. It is my view th^ it would 
be counterproductive and a mistake to establi^ and fund ERCs at &e 
expense of individual research support. The NSF has not done that, and 
does not intend to do it. 

Funding for individual engineering research projects has increased over 
die past several years. In 1983 the NSF spent $82.9 million on such 
jHojects. In 1984 the amount was increase to $86.4 million (a 4.2 percent 
increase). Supp(Ht was increased again in 1985 to $96.8 million, an in- 
crease of 12 percent. And there is $107.2 million in the FY 1986 budget 
for this purpose; if tte Congress approves the FY 1986 request, we will 
realize a 10.7 percent increase over the FY 1985 level. 

The NSF goal is to strengthen engineering research and engineering 
education in the United States. We know that we must move carefully on 
a broad front if we are to a«;omplish that objective. We carmc« make the 
ERCs the only focus of increased funding. If we were to do that the 
Centers might soon act as magnets, attracting the best talent away from 
other institutions. That would weaken the fabric of engin^ring research 
in our engineering K:hools, and we must not let it happen. 

The task of building strength in enginwring in the United States is a 
very large one. To ensure that we get this strength where it is most needed 
we are going to have to undertake a number of new thrusts, while con- 
tinuing to expand engineering research project support in the established 
fields. It is this type of bro^-based program growth that NSF is seeking. 
We must have it if we are to remain a leader in engineering in the twenty- 
first century. It is going to take a substantial sum; I have estimated timt 
it will cost $500 million a year. 

The funding that NSF is providing for ERCs is in two parts: a minimum 
support element for the conduct of basic research and to maintain the 
infrastructine of the ERCs, and a variable suf^xm element that will depend 
on the performance of the ERCs, including the support they get from 
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indnstiy. Of course, these plans are contingent upc»i the avaUabiiity of 
finub. 

Tim N5F hop^ to establish a large number of Centers. The qi»stion 
is, are Ae nwnbm ttat have in mind enmigh to sdve the nati<«*s 
laoblems in engineering? My answer is that the 0lCs cannot deal with 
all a)gii»ering probtems . There are 259 engmeering schools in the United 
States; 210 offer gracfaiateinograms, and 150 of these offer Ph.D. degrees 
in engineering. Even with 25 Centers we would reach only about one- 
sixdi of dtt (tocttnate-graaatmg iistitutions. Fva^xaome, our data show 
d»t dboai oi»-half oi the 77,000 ragineering bad»lOT's c^rees awarded 
hi 1984 were given by institutitms that do grant Ph.D.s. 

Whttt all this means is ttiat we ha\« a tren^mlkMis ysb albad of us if 
we are to make a diffn«ice in the way engineoing ediKation and r»eardi 
are carried <»it in United Stat«. We havt barely gotten ^rted. It is 
appmM that we mu^ think smartly aiKl mo^ albMd quickly to keep 
Anmica in a leateiship pcHition m engineering. We have taken die first 
step. The NSF is coi^idering a lai^ number of od^r i<^ di^ could 
en^i^ engineoing education and research. 

I think we can all join fonxs to create an exciting era for engineering 
and to make imprntant contributions to die nation's industrial competi- 
tiveness. 



DISCUSSION 

Qiwstions for Dr. Suh center»l arouiKl NSFs plans for shying die 
ERC program in die future. To a que^on aSxmt die pc^sibility of funding 
"mini-Centers" at schools where the engineering faculty is small, he 
replied that NSF is open to Uiis concept if die proposal for such a Cent» 
deoKHistrates thsA it amid contribute to ti^ idtimate goals of the ERC 
program. He also said that there is no poli^ to preclwte a single university 
from hMting more than one ERC if subsequent jHoptmls are strong enough 
on dieir own to win support. Dr. Suh observed diat die engii^ering research 
areas represented by the first six awards should not be taken to suggest a 
Inference for high-technology fields; mature industries such as steel- 
making can also benefit from engineering research. The NSF will depend 
on the research community for ideas to sh^ its strategy in this regard. 
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It is a privilege to be part of an effort aimed at strengthermg engineering 
in tl^ United States, The Engineering Research Centers vERCs) are an 
exciting adventure, and we have great hopes for tl^ir success. Thus« I 
was honors and pleased to be asked to ^rve cm tte National Science 
Foundation (NSF) panel that evaluate the proposals for ERCs. 

The role of the ERC panel is to help in the selection of the most 
meritorious pn^x^als, to provicte advice on ways to improve tl^ir effec- 
tiveness, and to help ensure the program's succ^s. After I have outlined 
the ste]» taken by tl^ ERC panel to ensure that the best Center imHX)Sdls 
have been select^ for support, I hope it will be evident that all that sh<Mild 
have been done was done to select the nK>st notorious among them. 

It is mv good fortui^ to serve as cochairman of the ERC panel, along 
with C. Lester Hogan, former Pr^ident of Fairchild Camera. Fourteen 
people serve on the f^nel; ten are from industry and four are from uni- 
versities. There are a number of reasons for the heavy industiy rep^sen- 
tation. One is tl% goal of the program itself, which is to develop new 
knowledge that will help U.S. industry maintain its iiKlustrial competi* 
tiveness over the long term. Another is the fact that, all togetl^r, about 
300 university researchers were listed as participants in the 142 ERC 
iroposals receive by NSF. That posed potential conflict-of-interest prob- 
lems in the review prcx:ess l^ause most of the university people who 
could function as expert peer reviewers were inducted in the proposals as 
I^icipants. 

The group brought together to serve on the ERC panel is impressive. 
In addition to Lester Hogan there are Willis Adcock, a Vice-President of 
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Texas Instruments; Paul Chenea, retired Vice-President for Research, Gen- 
eral Motors; Richard Etevis, Vice-President, Martin Marietta; Ernest Kuh, 
Pn^cssor of Electrical Engineering, University of California, Beiiceley; 
kAm HaiKXick, Vice-Pjesident, United Tetecommunications; Teny Loucks, 
Vice-President for Technology, Norton Company; Gene N. Norby, Chan- 
eeSkr, Umvosity of Cokvado; Hany Paxtcn, Vice-Preside, United States 
Steel Company; Percy Pierre, President, Prairie View A&M University; 
K. Voikat, Vice-President, H. J. Heinz Company; Melvin Baron, iMrtner 
and Director of Research, Weidlinger Associates; and Goixlon Brown, 
Direct(»>, Polymer Processing, Eastman Kodak Com{^y. 

It might be wcmdered how such a ^mip of p^le could be brought 
tog^l^ on a panel oa t)» same day. Pete Mayfteld, who has b^n one 
of the outstandingly innovative managers at NSF for m^y years, accom- 
plist^ tfiis very simply by sch«luling the panel's meetings for Saturdays 
aiKl Sundays. 

Th«e were several steps in the review pro«ss. Before the ERC panel 
met, the FouiKlation's engineering divisions had called in 88 outside ex- 
pals in tl« various engineering fields. These people serv^ on topic-area 
panels. They reviewed all 14'> of the ERC proposals submitted to NSF, 
and divided them into three categories — highly recommended, recom- 
mended, and tkA recommend^. Forty of the i42 proposals came through 
the preliminary review with a "highly recommended" rating. The content 
and potential impact of the research were the priwipal points of focus in 
tills review. 

The ERC panel held its first meeting during the weekend of December 
1 , 1984. Nam Suh and Pete Mayfield eac-1 spoke during an opening session 
that lasted about an hour. TTie goals of the program as they appeared in 
the program announcement were erif^iz^i, and we were briefed on 
what had b^n done in the preliminary reviews. We were given our charge, 
which was to identity 10 to 15 of the ERC proposals that were most 
deserving of site visits 

The quality of the research, the probaoility that the principal investigator 
and his or her associates would I* able to accomplish the research agenda 
(Scribed in the proposal, and the extent to which the proposal met the 
gc»ls and objectives of the program were major considerations in our 
review. 

It was understood diat the Foundation was determined to follow a 
National Academy of Engineering (NAE) recommendation* thai the fund- 
ing level for each Center be sufficient to permit the Center to make a 
noticeable difference in its area of research. This meant that the panel 



•The NAE report Gutdelines for Engineering Research Centers presented Ihe NSF 

with recommendatjoni. regarding the establishmeni of an ERC program. 
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could Mt recommemi M or 30 pn^)OTals for fumiing. We hai to narrow 
the field down to a relatively smaU number of the very best proposals and 
then continue ti^ competition thimigh site visits to determine tt^ose that 
would actually be recommended for award. While e^h of the prcq)osals 
calted for a different level of funding* it was clear that only about 5 to 
10 proposals could be suj^xHted with die $10 million available in FY 
198S if the "enough to make a difference'' funding-level crit^OT were 
to met. 

We were told duu we could af^noach the task in wluitever mani^ we 
deemed best. Our first (kcision was to divi^ up and review mon thui 
30 of tte proposals that had been placed in the ''not recommended" 
category during the preliminary review. We thought t)^ this procedure 
would telp us esteblish a yardstick for asse^ing the quality of d^ pro- 
posals. We alM wanted to determine whether we were in agreemrat witii 
the ratings made in the preliminary reviews. Tlie panel members also 
scani^ the proix>sals thai were in the second, or **r^mmended/' cat- 
egory. 

We spent several hours going over the proposals that had fallen short 
of the **highly recommanled'' category. Afterward there was a brief 
critique. This procedure proved useful, because we found that we con- 
curred wi^ the ratings given by preliminary reviewers. It also allowed 
us to gain sorro experience with a number of criteria provided by Pete 
Mayfield. The highlights of tl^se were: 

1 . The research must involve a team effort of individuals from various 
backgrounds, pc^sessing different engineering or scientific skills. The 
research should represent an effort th^ can best be accomplidi^ through 
cross-disciplinary research. It should n(H be a collection of individual 
research projects. 

2. The Center should im:lude a significant educational component in- 
volving both graduate and undergraduate students in research activities in 
the Center. 

3. The Center should focus on research opportunities aimed at devel- 
oping fundamental knowledge in areas critical to U.S. competitiveness in 
world markets. 

4. There should he provision for participaticHi by industry engineers 
and scientists in Center research activities. State and local agencies and 
government latK)rat(^es might also be participants; provision for such 
participation in a propo^ would aikl to its strength. 

After reviewing the **not recommended'* proposals and discussing tte 
reasons given by topic panels for this rating, we were satisfied that we 
could rely on tl^ ratings assigned in the preliminary reviews. Hiat made 
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it p(»sib]e fen* us to c(»K»ntrate cm die 40 proposals that been 
s& **highly recommended" in the preliminary review. We divided the 40 
proposals miottg the panel membeis so that each of the "highly recom- 
mended** proposals was reviewed by at least three pai^l members. We 
thra spent diat Saturday afternoon and evening a)nducting our reviews, 
and C(mvei:»d <»i Sunday nnmiing to discuss our fii»lings. 

A Goap^ of things stood out in this review. In a number of cases the 
evide^of iiKhi^I»rticipati(niwasweak. Inodiercas^prcqx>sal$ were 
80 bmtd tlK;y resembled a pcMpmrni of research without focus. But 
a significant number of die pi^xxsals were on target. I believe diat die 
diing diat mcnt iminessed pai^l members was the number of good icteas 
fcx researd) that ai^Kared anKmg the engineering research pr qx)sals. It 
is apparent diat diere is a tremetKhnis c^j^ty in our engineering schools 
f« doing forefront research, and diat die full capacity is not being utilized. 
11% Ei^lineering Research Centers will i»ovide exi»nded research and 
e(bicaii«»l q^poitimittts to take ^Ivaitts^ of tl^ p(^emial, a^ 
die Dijon's ei^ii^ering knowtedge md talent bases. 

Our f»xt step was to review our own reviews of die different proposals. 
Afterdiscussing each jOT^josal, we accorded it a "yes," "no," or "maybe." 
When we had completed diat process we found diat 14 of die 40 had 
received a *yes"; die institutions submitting diese proposals were des- 
ignated for site visits, which die NSF agreed to conduct. 

Site teams were OTganized. lliese include at least one and usually two 
ERC panel members, one or two NSF staff members, and two or diree 
crasultants picked fur tl^ir expertise. Some of die consultants were people 
who bad participate in the preliminary topical reviews, and who had 
dierefore ak^y r^ die {miposal. 

The site visit usually included a mating widi the {niesident and oth&r 
dPficers of die university, who would discuss the institution's commitment 
to die ERC coiKept. TTwre was anodier mating widi industry represen- 
tatives. Aldiough some time was spent visiting facilities, it was the or- 
^niz^ion of the iHoject, die university's commitment, and certain other 
factors that were the primary focus of die site visits. Each site-visit team 
was r»)uired to write a report of its findings. There was a prescribed 
structure fw this report diat highlighted the points on which the site reviews 
had concentrated In addition to an executive summary, the site- visit 
reports iiKluded separate sections on: 

• university commitn^nt 

• managetiKnt plan and c^ability (the longest section usually con- 
taming several subsections focusing on technical aspects of die project) 

• educational conqx>iKnts 

• bmiget. 
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It is interesting to note that wmyng the consultants who partici{mted in 
the site visits were Edward Jefferscm, President of DuPont, and Gtmion 
Moore, President of Intel The Engineering Research Centers have evi- 
(tently spaiic^ great mteiest in the industrial ccmimunity. Our mratin^ 
with iiKiustry people reveal^ that there was much greater industry interest 
in sonie prG¥)osals than even tte i^incif^ investigsUOTS t»d imagii^. 

After die site visits were completed tte pai^l introduce a further stq) 
suggested by Nam Suh. Nam felt that e^h of tl^ priiKripal investigates 
(P.I.s) in the 14 prq[x^s dia! were in the flnal group shmild have an 
q^rtunity to make a presentaticHi to tt» full ERC pai^L Tliis session 
permitted i^nel members to ask questions and satisfy any unmet infcn*- 
mation i^eds regarding a {^x^posal. We aUowed 20 minute for die oral 
pre^ntation and re^rv^ 10 minutes for questions. Son^ P.I.s comn^ted 
afterwara diat the experience remincfed d^m of their ''orals'' for tl^ 
doctorate. I believe die oral presentations and the question-and-answer 
periods that followed were especially valuable because they gave the full 
panel an opix)rtunity to learn firsdiand more of the speci^cs of what ibe 
P.L intend^ to do. 

Before the oral session t^gan, &ich Bloch and Nam Suh spoke to us 
again about the gc^s of the program. Nam Suh urged the panel to be 
esp^ially sensitive to a number of f;^tors which he called ''the ingredients 
for success/' I wrote these down. They were: 

• leadership 

• proper focus on problems 

• bona fide industrial participation 

• infrastructure, including 

-university commitment to cross-disciplinary research goals 
-internal organization 

• intellectual challenge should 
-establish new intellectual fmntiers 
-contribute to the knowledge base 
-provide graduate research topics 

• education: should enhance opportunities for graduate and under- 
graduate students. 

Nam said that the ERC should not be a collection of individual research 
topics that could be funded just as well through project grants. The j^nel 
agreed that a proposal selected for sup]M)rt should have the {K>tential to 
achieve technological breakthroughs using a cross-disciplinary research 
a]:^>roach. In addition, the research proposed could not be ''more of the 
!»ame/' or simply an extension of what was already l^ing done. It had 
to represent a new dimension in research in the eyes of the panel. 
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I bdieve th^ jmi^ipal investigators who went through this ^ssion 
fmmd it to be a tough tmt fair exercise. We were tallcing to first-rate peq>le 
with superb le^arch ciectentials. It was a great experieiK^e for n^. I believe 
all tte ]»nel n^bers learned a great deal in the ctHirse of reviewing the 
proposals, making site visits, and sitting dmnigh ti» oral presentations. 

Ti» panel con^leted ^ cnrals at about S p.m. on a Saturday, and 
Kl^Himed to meet again Sunday morning at 7 a.m. Chuing the next five 
iKMnsdK panel monbers went over each of the 14 proposals. Tl» numbers 
who had been on die site visits reviewed their findings; we studied the 
site-visit reports. By now each (Mnel member la^w where the strengths 
aiKi weaknesses were in the im^posals, and each had develop^ his own 
list of asaeeros about aspects of tte prqx)sals. At tlw S^urday mating 
ti» princijnl investigat(»rs had b^n questi<med c](»ely about what it was 
diat they were going to do if funds were provided. On Sunday tl^ panel 
sp&at its time critiquing ami evaluating all that it had learnt atout the 
I»t^x)sals. 

As we moved into the final phase, the questions most often raised were 
these: Would the Center, if funded, make a difference? Did it have the 
imivmity and industry commitment n»:essary to mount a bona fide cross- 
disciplinary effort that would push research forward in areas of industrial 
inter»t? Was tlwre evident^ of substantial university commitment to the 
undertaking? 

We h^ been asked to select ^e 6 best finalists and to rank the next 
3. At noon on Sunday, tl^n, the panel came to agreement on which of 
the 14 finalists it would recommend for NSF support. After more reviews 
by NSF mana^nwnt, including a thorough review by the National Science 
Board's Programs and Plans Committw, Erich Bloch made the award 
ctecisions with the af^val of the National Science Board. The 6 proposals 
selected by NSF few funding were those that had teen recommended for 
award by tl^ ERC pai^l: 

• Engineering Center for Telecommunications Research, at Columbia 
University 

• Center for Robotic Systems in Micnxlectronics, at the University of 
California, Santa Barbara 

• Biot^hnology Process Engineering Center at MIT 

• Center far Intelligent Manufacturing Systems, at Purdue University 

• Systems Research Center at the University of Maryland in collalx)- 
ration with Harvard University 

• Center for Composites Manufacturing Science and Engineering, at 
the University of Delaware in collaboration with Rutgers University. 

We were free to select proposals for award on the basis of excellence, 
even if that meant selecting two proposals submitted by a single institution. 
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The proposals we selected were, therefore, tiiose that we believed were 
of the hi|^^ quality aiKi wouM adiieve Uie |^»ls of die {nogram. 

Tte ERC panel will ctmtinue as a landing body. Its rote is to help ^ 
NSF select the best proposals for sui^xMt, and to provide advice and 
sug^sti(ms (xn way s to strnigtl^ the program as we go al<mg . Its <^jecti ve 
is to emure that d» iniogram is a stu:^ss. Hioe is no questim diat d» 
United Stat^ is being challraged as i»ver befrae technological lead- 
ership. 

The Engineering Research Centers are a long-term investn^t. They 
should contribute significantly to effoits ainoed at l»iilding Anmica's 
CTgin^ng stmigth as we gear up fmr the c(mq)etitive environn^t of the 
twenty-first «ntuiy. n» Centers will help inqnove tl» university infta- 
^nicture and will also strengths die linka^ between industry and uni- 
versities, areas where new strengdi is need^ if Am?rica is to continue to 
{produce the w<»'ld's best engin^rs. 

DISCUSSION 

I^cipants asked questions regarding the selection proc^ure to be 
used by NSF in evaluating future ERC proposals. Dr. Suh responded that 
the sel«:tion procedure for next y^ will be virtually the ssam as that for 
the first year, although NSF is seeking ways to improve the process. A 
new pro-am aimouiKemait h»l just beoi is^ud, ccmtaining sli^ changes 
from the jnevious annou^ment. 

Regarding the question of wei^ting systems for evaluaticHi, Dr. Suh 
expresbMi an opinion that rating themes are largely irrelevant, that the 
winning pn^xmls stand out fairly quickly on the basis of quality of ideas. 
There is no set formula. Mr. Bloch confim^ that view, and added that 
die "believabiUty" of a prop(^ is a major d^erminant — diat is, a pro- 
posal must make clear that the interdepartmental cooperatiOT it describes 
is an ongoing reality rather dian an image constructed just for die purpose 
of die proposal. 
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In resixmse to tte Fiscal Year 1985 program uinouncement reganling 
the Engineering Research Centers (ERCs), the Engineering Directorate of 
the National Science Foundation (NSF) received 142 proposals from 106 
diff«ent institutions. In all, the {»oposals requested about $2 billion over 
a five-year period. Slightly more than 3,000 people were listed as partic- 
ijmats in the prop(»al$; 75 percent of these were from various engiiwering 
disciplmes and the remainder were from scientific disciplines and the 
humanities. 

Hie fact that so many institutions took the time aiKl effort to write 
im^x»als is a strong indication of the desire on (be part of engineering 
Kbwls to initiate the type of research {»ganizati<H) described in the an- 
nouncement. The message must be that the format for the Centers, in- 
volving as it does both research and education on topics of importance 
ftff imemational competitiven^, is of great interest to engineering schools. 

The tx3tai amount of fuiKiing r^juested by the proposals has a certain 
significance. The March 1985 issue of the Journal of the American Society 
for Engineering Education reports a sqwrately bud^ted engineering re- 
search expenditure in the United States of about $1.2 billion for 1983- 
1984. The $400 million per year requested by the proposals thus represents 
an increase of roughly 30 percent over current expenditures, suggesting 
that there is substantial unused capacity within the nation's engin^ring 
education and research enterprise. It is ^parent that the engineering system 
has the capability and the wMl to perform additional research and produce 
more graduates without experiencing undue stress. 
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The ERC announcement was unique for the Foundation in that it called 
for both undergraduate and graduate students to be an integral part of the 
lesearch of the Centers. For the first time universities could propose an 
activity to the NSF which would allow them to integrate education and 
research in a thOTOUf^oing way. This is a real step forward for engineering 
education ai^ research. 

NEW FEATURES OF THE 1986 ANNOUNCEMENT 

The principles in the FY 1986 program ann(Min<»ment are unchanged 
from those of 1985. That is, a proposed Center should have as its focus 
a tapk that wmild le%d to grrater eitwtiveness and world competitiven^ 
of U.S. industrial com}»nies. Pn:qx)sals may be concent with techno- 
logically stTCTig «r weak U.S. industries; there is no preferen<» tere on 
the part of NSF. 

Several format changes have b^n made to facilitate bodi proposal 
preparation and review. First, a three-f^ge executive summary is to be 
included. This summary will be extremely useful in tihe review of the 
proposals and will permit many mcnre i»nelists to interact in a n»aningful 
way during the review fnocess. 

Set^nd, the section describing the proposed research program is to be 
limited to 25 single-spac^ pages. The point is that this section needs to 
be well thought out by its preparers, so that reviewers can realily conx 
to grips with the research being pn>p(»ed. 

The third change involves the iM«sentation of tiw budget. The format 
for the first-year budget renmins die same, but all out-year budgets must 
show incren»nts above the prec«iing year, exclusive of equipment. This 
device will help everyone involved to focus on what is gained by expen- 
ditures above the i^in^eding year. 

In aldition, the FY 1986 annoum»ment eiwourages the formaticMi of 
cons(»tia of schools in regions where such relationships will further tl^ 
educational am) re^arch objectives of the Center. 

In the second round of jnoposals die amount and quality of industrial 
support will be much more important factors. In the first rouml there was 
insufficient tinw for proposing institutions to gain strong industrial suj^Knt. 
I suspect diat indications of Industiial support will be much stronger and 
better substantiated in tte FY 1986 prcqjosals. 

The FY 1986 ERC anmnuicement does not include a list of potential 
Center topics, as the first announcement did. However, at the point when 
about 12 Centers have been establisted tiiis "open" procedure will no 
longer be apprqwiate. When the full comjrfenwnt of 20 to 25 Centers has 
been established the subject matter they represent should encompass a 
broad range of research areas contributing ' 'ntemational competitivei»ss. 
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Hmefcne, die FY 1987 announcement should sugg^t potential topics that 
con^Ienient the established Centers. The National Research Council will 
cm^iKX a workshop on this subject in the fall of 1985, in time to have 
m mi flie FY 1987 ERC annoum^ment. At that time we will know 
what the proposed topics for 1986 are, and will provide that information 
as one input to the wwkshop. The important point is that we will seek 
guidance before suggesting a list of topics in the FY 1987 announcement. 

COMMON DEFICIENCIES IN PROTOSALS 

(^te a few of the proposals for 1985 had certain faults in common. 
Many of them were much too long. I hope that the new 25-page limit 
for the propose research ^cAoa will enctxa^e l»evity throughout. The 
reading of {noposals maie than ^ |»ges long must be considered cmel 
and unusiml punishment for reviewers! 

The FY 19i85 announcement emi^asized that re^arch conducted at the 
Centos is to be cn»s-disciplinaiy in nature. In many instances this state- 
n^t was ^en so literally, and tl^ scope of the propo^ research was 
d^refme so bn^, that tl^ rese^urh could not be ffllfquately defined and 
d^cribed. Frequently the prior research of any faculty member having 
even a renK>te bearing on the focus of the jwoposai Center was includwl 
in die prc^xjsal. There arc many potential topics for proposals which arc 
sufRciently imp(»tant and broad to n^t the cross-disciplinary require- 
ments icx a Colter. Setting reasonable and manageable goals and objec- 
tives would have improved many jMOposals considerably. Those writing 
px^wsals should keep in miml that reviewers are technical peq)]e, and 
that they have to feel that they understand the scc^ and focus of the 
research being proposed. Even when the scope of a im^x)sal was suitable, 
many pn^)osa]s failwl to make an analysis of the key research issues 
involved in tfie topic. 

Anc^er majw deficiency of many proposals was that they af^seared to 
be collectitHis of individual projects that might just as easily have been 
supported individually. Reviewers had to be convinced of the synergism 
of the projects and the people making up the pn^)osed Center. A proposal 
viewed as a collection of projects simply did not make the grade. The 
impression that a prc^xKal was a coll«:tion of projects was sometimes 
inadvertentiy conveyed by the inclusion of individual budgets for specific 
IMX)jects; in fact, on occasion these budgets were tailored to be about the 
size of standard NSF research grants. This approach gave a "business- 
as-usual" signal. I need ntA point out that NSF has a time-tested system 
f(W selection of individual research projects. 

Still another factor that eventually influenced decisions was the lead- 
ership quality of the Center director. The perceived ability of the leadership 
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to manage and direct the research activities of the Center was a pivotal 
issue during the final stages of review. The Center director has to be a 
versatile iiKlividual — skilled in managing p»>ple, a ctnnpetent researcher, 
and a good leader. In addition, the Center director must be able to devote 
a majOT portion of his or Iwr time to directing Center activiti^. 

ERC MANAGEMENT ISSUES 
"Systems A^)ects" 

Bodi the 19S5 and 1986 announcements suggest that an ERC should 
"emphasize the systems aspects of engincaing to help educate students 
in synthesizing, integrating, am! managing engineering systems." This 
feature of ths Centers r^ults from the conc^ exp^^sed by industrial 
employers that ycnmg engineers are prepar»l to deal with complex 
aigineoing systems found in practice. I believe that I have a sense of the 
"systems aspect of engineering"; but when 1 talk with ofhets it becomes 
clear that every(me has a somewlutt different idea of the meaning of tbat 
phrase. Some think that "design" embodies the system concept; otfiers 
tend to describe specific imiustrial jmAlems tfwy have encouittered as 
"systems ptjblems. " Both notions leave out important parts of tlw system. 
While I would not deny that there is some value in having a diversity of 
definitions and opinions, I am made uncomfortable by the fact that the 
ccMicept has not been cwefully articulated. 

Of equal concern to me is how best to implement education in the 
systems aspects of engiittering. Engin^ring schools have an intensive 
program. One must ask how much more can be ack^ while retaining tl» 
engineering sciem^ base and the humanities tiiat we have struggled to 
include in engineering curricula during die past 40 years. A workshop 
being held under Uie auspices of the NRC Cross-Disciplinaiy Engineering 
R^earch Committee will examine this issue and prepare a report. I dunk 
that report will be studied very carefully by engin^ring educ^rs and 
will be of considerable value. 

Information Exchange 

Another issue of concern to involves methods for disseminating 
information from die Centers to the research community, in industry as 
well as universities. Is the traditional university strategy of publishing in 
formal journals going to be sufficient for these cross-disciplinary research 
centers? Should innovative techniques be developed to supplement tra- 
ditional methods? At fu^t reading this may not appear to be a very sig- 
nificant question; but it does have many r^ifications when considered 
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in tte context of international competition. The NRC has conducted a 
W(»kshop to explore this issue. 

Pneliminaiy discussions regarding this workshop have been useful. Fdr 
ejum^e, I think diat "information exchange" comes clo»r than ''infor- 
mation di^cmination" to (tescribing the relationship that should exist with 
induMry. Aft» aU, an important objective of tlw Centers is to "involve 
participation of engineers from industry in order to focus the research on 
cunent and pro^ted industiy needs." To accomplish this objective, uni- 
versities must have a meaningful dialogue with their iwiustrial partners. 
1 diink universities should enter into agreements with industry when the 
exchange of information will result in a better focus of university engi- 
neering research on current and projected industry needs. Support money 
may be necessary to get industiy attention, but nnoney and attention may 
not be sufficient if the interaction does not result in a debate leading 
toward moe pertinent research. The question of information exchange 
has many facets. 



Evaluation 

I am frequently asked how NSF is going to evaluate the Centers. There 
is little question that evaluation is an important management activity. The 
program announcement states that three years after they are established, 
the Centers will be reviewed by the ERC panel to determine if each Center 
is meeting its proposed goals ami objectives, including those fa- quality 
of research and the extent of industrial participation. This evaluation will 
determine whedier NSF will continue to suj^rt the Center fully for the 
remaining two years, or provide decreased funding to terminate the Center 
at the end of the grant. 

In preparation for the third-year evaluation the NSF Office of Cross- 
Disciplinary Research (OCDR) and the Center directors are preparing a 
list of progress indicators. These include items such as the names of 
grwhiate students at Centers, a list of Center publications, new courses 
attributed to the Center, and the amount and type of industrial support. 
This information will provide a factual base that will assist in the thinl- 
year evaluation, and that will also be useful for management purposes. 

In addition to the formal evaluation, the NSF Engineering Directorate 
will form liaison management teams for each of the Centere. Each team 
will consist of a program director closely associated with the technical 
aspects of the Center, a program director from OCDR, a program director 
from the Engineering Directorate, and several outside consultants. The 
program director from the Bigiiwering Directorate will be Ae major in- 
ternal source of information for the team on the technical nature of the 
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Center's wwk. The liaison team will report to the Head of the Office of 
Qoss-Disciplinary Research. 

OUTLOOK FOR THE FUTURE 

As eveiyone is aware, 1985 is a particulariy interesting year in which 
to watch congressicnial wtion on ai^m^riations. Tte President's FY 1986 
budget, now before Congress, requests $25 million for BRC activity. With 
that ammmt NSF can maintain tlw Centers est^islwd this year ami start 
a similar number next year. Of course iw one can say for certain what 
the outcome of the biKiget process will be. It is easy to ^ caught up in 
the day-by-day problems and the rhetoric of the Engineering Research 
Center activity. It is important to note that in the long run the success of 
the program will be largely dependent on the quality and innovativei»ss 
of the research that is performed by the Centers, and on whether or not 
ttie students educated in the proc^ make new and imp(»tant contributioiu 
to the competitiveness of the Unit^ States. 

Many people — i»x>fessOTS, pranicing engin^rs, and NSF staff mem- 
tjers — have devoted large anraunts of time to the preparation of prc^x^s 
and tteir evaluation. Much remains to be accomplished, and I am confident 
th^ tlK good relationships develops so far betw^n universities, industry, 
and govemnwnt with regard to the Engineering Research Center initiative 
will continue. 

DISCUSSION 

Several meml^rs of the audience took the opportunity to ask questions 
relating to the prc^x)sal preparation ami review processes. Not only Mr. 
Mayfield, but also Messrs. Bloch, Suh, Walker, and Stever responded to 
these inquiries. Regarding the high cost of preparing a proposal in the 
light of the relatively low pn4>ability of success, one questioner ask^ 
whether NSF had considered simplifying the process, perhaps by means 
of a pre-px>posal serening stage. NSF officials responded that no change 
is envisioned for the near future, but stressed the importance of the proposal 
preparation process to the university itself for clarifying its concepts and 
goals governing research. NSF is trying to locate other funding sources 
for some proposals. 

Regarding the question of what NSF might do to involve industry more 
meaningfully in the proposal review pixxiess, it was pointed out that con- 
flicts of interest must be avoided — although 40 percent to 45 percent of 
the members of the preliminary review panel were from industry. Two 
options that NSF is considering are ( 1) to give funded ERCs a certain 
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period of tiii» to (tevelop industry siq^xut; and (2) to take a long-toin 
view of industry support, focusing on whether the essential ingredients 
are i»esent in the |ni^)osal to ensure industiy interest. Careful planning 
is iKMssary to ensure that a Cen^ can ctnitinue with industry support 
even if NSF funding is temin^ni aitn' five years. 

The new 25*i»ge limit on research section drew some concern. Mr. 
Mayfiekl emfdiasized toat Ais section shcKild not attemitt to be veiy <k> 
taited; instead, it shcmld set fran^woric for what tt» preying insti- 
tutim \tiQfpe& to ^xonqriish widi d» ERC. 

Cotain points in the ERC program announcement were clarified, such 
9& refn^nce to *'r^ilding die base of engii^ering education.** NSF 
<^cials reiterated the i^ed to relate engineering education to engineering 
practice, to codify that aspect of engineering knowl^e for transmittal 
to stuftents, and to help universities establish a science base in diis area. 
The importaiK^e of this woric for improving international competitiveness 
was clarified. 
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INTRODUCTION 

TTw University of Maryland and Harvard University are veiy pleased 
to ha\^ b^n selected for an Engineering Research Center award by the 
Natimia] Science Foundation. On the basis of this award a Systems Re- 
semh Center (SRC) will be established at the College Park campus of 
the University of Maryland. The focal University of Maryland organi- 
zadonal unit participating in the activities of the SRC will be the College 
of &igij^ering. Broad particij^on by ^veral departments is planned: 
d» Electrical, Chemical, Mechanical, and Aerospace Engii^ring de- 
partments within the College of Engineering; and the Computer Science 
ami Mathematics departments, along with the Institute for Riysical Science 
and Technology and the Center for Automation Research. The focal Har- 
vard University organizational unit will be the Decision and Control pro- 
gram of the Division of Applied Sciences. In this jmper I will summarize 
the research theme and the ^ucaticMial and research programs of the 
Systems Research Center. In addition, I will describe the planned industrial 
collaboration program, international program, information dissemination 
plans, and other asp^ts of the center. 

The Research Theme and Its Significance 

The theme of research conducted at the SRC is to promote basic research 
in Ae implications and applications of the three types of technology (VLSI, 
CAE, and AI)* involved in the engineering design of high-j^rfonnance. 



*VLSI = very large scaJe integrated circuits 
CAE = compiiter>sided engineering 
AI anificia] iotetlisence 
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axopln, autoimtic control, and ctmununication systems. R^ent ad- 
vances in computer science (artificia] intelligence, expert systems, sym- 
bolic «>mpumticm), in microelectnmics (VLSI circuit development, 
availability of ctnnputer-aided design tools for special-pmp(»e deigns), 
and in comi»iter-ai(ted engineering (enhanced interactive graj^ics, pow- 
erful y/ofk stations, distribu^ op«^g systems, and data bases) have 
created a unique environment for innovative rese^h and (kvelqm^t in 
the discipline known as systems engineering. For the purposes of the 
ftesent paper, systems engineering is (tefined as the discipline that com- 
bines automatic c(mtrol systems and communication and signal proc^ing 
systems with certain areas of oimputer engin^»ing. Tte majc»- r^earch 
thrust of the disciplii^ at present is Ht^ design and in^len^tation of 
high-pedormance electronic systems for automatic control aiKl commu- 
nic^on. 

It is a[^>rq»iate to describe «}me of tte motivational and histtniod 
background that influem^ our thinking ai^ planning for the SRC. To 
begin with, the complexity of such systems has le^ntly increased dra- 
matically. This is manifested, for example, in tighter engineering speci- 
fications, in the need for ^l^Hation, in requirements f<x multisen»»r 
integration, in the n^ to account for amtingencies (multiple modalities), 
in totally digital implementations, and in the need for a mix of nun^cal 
and logical computations. Some of the challenging design problems that 
we plan to addr^s in the SRC further illustrate this point: 

1 . Hov '^.v ontrol systems chaiw:tcriz«i by complex, often poorly 
defined »: • i/t.\ /! i A .mples from our im)gr^ include chemical process 
control. V f < v- • . difficult to design "correct" loo]» and equations. 

2. Hiid . . iic automate the operation of systems defined by pre- 
c-.se. highly cOi ij .ex simulation --odels? Problems in flexible manufac- 
turing system*! in our program le -n -ent generic example, wherein tinw- 
precedence constraints and the ne. i lor ad^tive automation further com- 
plicate desigh. 

3. How should we design systems contit)ll«l by asynchronously op- 
erating, distributed, communicating controllers? Examples from our pro- 
gram include the computer-aided design (CAD) of computer/communication 
networks, dynamic capacity allocation in communication satellites, and 
efficient management of mixed traffic (voice, video, data). 

4. How can we develq) design tools for real-tin^, high-performance, 
non-Gaussian signal processors? Examples from radar, sonar, image, and 
spe^h signal processing are found in our program. 

5. How can one integrate multiple sensors for robust, digital, feedback 
control of nonlinear systems? Our program inclwtes many-degr^s-of- 
freedom robotic maniinilators with vision, force, and pressure sensors, as 
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well as advaiH^ed aiicraft fli^t controUm specially ^si^ed for the new 
graieration of unstable aircraft. 

SRC will focus on ti^ develqm^t of pow^fiil and sophisticated 
software systems that will help and guide engines in tte design of 
imtomatifHi ami information-{»oces$ing systems. The dignificam^ of a 
well-cocHdinated loi^*ran^ research pnogram in diis critical high tedi- 
mripgy area is highli^ted by the following a>nsiiterBti(ms. 

Hrst, within ti^ last yeai th? growing role of autom^on in manufac- 
turing (ftexible manufacnning systems, autcnuued factOTies, robotics, etc.) 
has attracted a great deal of publicity as the key to the health of the United 
States' ecommiy and industry. 

Sea»Kl, an information explosion has enccmipass^ the wtdespre^ u^ 
of cmnputing and communication equipn^nt (iiKluding oHi^^ autonurtion, 
p^scMial comjntters, mobile telej^ne networks, distribute ccnniHiting 
syst&m^ sq^sticided teJq^iom i^twcarks, satellite onnmumcmions, vi<^ 
disra, victeo processm^, fiber op^cs channels, ami <^cal storage). Among 
tte sctentific-eiK:ati<mal community this explosion has reached ^:ro$$ 
tf» b(mrd, from high school to university to research laboratory. More 
significantly, it has also been extended to the broader public. 

Third, tl:^ is an increasing reliance on autCHnatic control systems to 
p^fom) precis and denmmling tasks in such areas as an* traffic control; 
^ai^ed guidaiKe and control systems (high-performance forward swept- 
wing aircraft, large space structures, ami advance space satellites); im- 
{»x>ved performance and reliability of pow» plants; improved control and 
operation of power distribution systems; sophisticated control devices for 
computer/communication n^oiics; advanced electronic controllers for 
robot nmniinilators and computer vision systems; intelligent autonomous 
lA^^xms and distributed ^mor networks; and distributed decision systems 
for t^:tical/strategic managen^nt. 

Unfwtunately, currently available thwries and design methodologies 
for si^h problems are in synchrony with the currently available or 
planned inq>lementation m^a, be it special-purix^ chips or computers 
with q)ecialized architectures and capal)tlities. More precisely, the avail- 
able design theories and performance evaluation methods were dewlopwl 
for different (now often obsolete) implementation m«lia such as analog 
circuits ami sequential machines. Although for some problems — admit- 
tedly a small class — it is feasible to develop improved designs using the 
1^ hardware capabilities and existing theory, in the majority of problems 
tiicre is a substantial lag betw^n the available hardware potenti^ ami its 
realization in Uie systems being built. Hiat gap is precisely where the 
Systems Research Center intends to focus. 
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Of course, there axe examples of successful hardwaie ^lutions to son^ 
of the itesign {m>blenis aliemly ir^ntioned. By this I n^an ti^ jmycess 
whereby one ^Ids hardware comiK^nents, or ''boxes/* in aniul hoc fash- 
ion, then tests each acUition and Bdds more components until a satisfactory 
system is buih* I do not believe that a ^ous ai:gunnent can be m^ that 
this method is a superior one fOT exploiting ti^ hardware potential available 
today. On the otl^ hand, substantial diec^etical results and knowledge 
exist in the form of automatic control and communication systen^ tl^ri^ 
that have not been directly linked to hardware implen^ntations. The re- 
alization that a window of opportunity exists was a major nK)tivating force 
in planning for the SRC — namely, ^ advances in CAE, VLSI, aiKi AI 
have made possible the transformation of "'{^per algorithms'* from pow- 
erful theories into real-time electronic ''smart'* boxes (Baras, 1981). A 
careful reexamination and development of new design themes that in- 
corporate component hardware advances and the related implementation 
constraints is long overdue. We can no Icmger separate the design of a 
system itom the implementation problem. This is a major thrust of the 
SRC program. 

The significance of the SRC prc^ram can al^ be illusti^ted from a 
fmancial point of view. Huge inv^tments have b^n made and will con- 
tinue to be made for research and develc^ment in microelectronics and 
computer hardware. It is important and prudent to make the comparatively 
small investment required for die developn^nt of design methodologies 
ami software tools that will be us^ to build systems with this hardware. 
It is obvious that the sophistication and c^>abilitie$ of tte circuits and 
dev ices that we build will be limited by the power of the CAD tools that 
we use. 

Thus, the SRC theme encompasses two fundamental components of 
high-technology industries: automaticMi and communications* It is impor- 
tant to emphasize that high-technology industries involved in automation 
and communication directly influence die competitiveness and perfor- 
mance of more traditional industries. Ccwisider, for example, the influence 
that ^vances in automation may have on steel mill operation and auto- 
motive design and production. This consideration was an important factor 
in the development of our plans for the SRC. 

Educational Needs 

The Systems Research Center aims at the establishment of a strong 
advanced research and educational progmm in the above areas. Given the 
broad knowledge and intellectual background required by the SRC research 
theme, we have assembled an interdisciplinary team of scientists and 
engineers ^m the two universities involved. Members of the team include 
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electrical, n^hanical, ami chemi<^ ragii^^ as well as mathematicians, 
mmioical analysts, compute scientists, and microel^tronics and ^ficial 
intelligence experts. At its projected fiill q)erational level the SRC re^arch 
program will involve s(hx» 40 feculty, 120 gr^uate stucknts, and at least 
1^ undeigr^uate ^iKients. A large number of students will be influenced 
1^ the Center*s educational programs. We strongly believe that there is 
a leal need, quite critical for the nation, to educate ami train engii^ring 
Melons in th^ mix of disciplines and knowledge represented by the SRC 
research {m>grams. A similLrly critical ne^ exists for retraining practicing 
«)gineers, and this need will be incorporated in our plans. 

THE RESEARCH WIOGRAM 

T1» research program for the SRC is an ex]^sion and natural extension 
of re^arch work already under way by numbers of our interdisciplinary 
team. The research ^tiviti^ listed below saved as tl^ inspiration and 
{sovided much of the nKMivation for the planning and implemen^on of 
^ amiMtious research gc^s of tte Coiter. They are in a sen% the seeds 
for interaction and flutter development of tte key ideas behind the con- 
ception of the SRC. The SRC will provide the fertilized ground for de- 
velofHnent of die noajor thrusts emanating from these early wcnics, which 
are: 

• optimization-based design in chemical process control 

• perturbatiiMi analysis ar^ AI mc^teling in manufacturing systems 

• symbolic omiimtation aiul VLSI architectures for tte design of real- 
time non-Gaussian detectors 

• ctesign of a VLSI DFT proc^sor 

• vision ^nsors and feedback in robotic manipulators. 

The research im>gra*^n implementation selected for the SRC was influ- 
enced by three f^ors. First, the areas of strength of the participating 
fiKulty; ^^d, die exp^t^ impact of SRC research; and third, a strong 
commitn^t to a pn4>lem-driven interdisciplinary program. We have as 
a resuh selected five focus-application areas to help us measure the success 
of the basic research (m)gram, and to help motivate it by ^plying the 
design tools to a div«^ set of complex, real-world problems. These areas 
are d^crib^ below, together with the currently planned thrusts in each. 

^Imelligent'' CAD of Stochastic Systems We shall combine CAE 
arKl AI metlKxls for the design of advanced nonlinear signal prcKressoi^ 
c^»ble of real-time (^ration. One thrust is toward die development of 
e>qpen systems that can ''reason*' mathematically and understand a variety 
of signal and system models. The other two thrusts address questions of 



ERLC 72 



66 



PLAf^ AND PROGRAMS OF THE EXISTING CENTERS 



distributed ccminitaticms in stochastic systems and implementation by 
''oi^imal** VLSI arcHit^tures. In jocular, $iiia>n ^nqnlation and 
cial hi^level signal manijMilaticHi langu^s will be stwdied. 

Chemical Fracess Control Here we shaU investi^^ tow CAE, AI, 
and <^^imization techniques can be i4^1ied to tte design and control of 
domical i^ts. Modeling and simulaticHi qt^stions will be analyzed and 
the noodels built, using the CAD proms. In additicm, we ^lall attenqrt 
to integrate reliability and saf^ consid^^ons into die design software 
aiKi work stations* 

Telecommunications Hiere are two major thrusts here. Tl^ first cen- 
ters around the develq>ment of powerful simulation aiKl CAD systems for 
computer/communicaticm networks (local-area, flow-c<»itrol, and rec<»- 
figurable netwoiks). Hiis will involve interactive graf^cs, expen systems, 
and high-level commaiul languages. The second dtrust involve image 
and speech processing i^x^lems and their hardware unplement^on. Nu* 
merical aiul hardware a)nq)]exity will be studied, as well as fm digital 
implen^tations* 

Advanced Autonmtion and Iftformation Processing in Mam^actwring 
Systems We shall investigate plications of CAE, AI, ami qMimizatira. 
In particular, an integrated prc^ram will be pursued that addresses scted- 
uling problems, ^ii^ve r^ource allocation, AI systems in manufactur- 
ing, data-base integration, flexible manufacturing cells, CAD mtegration 
in manufactimng resource planning (MRP), c^mization-based design, 
and advanced int^^ve simulation. 

CAD cf Intelligent Servimechanisms Two major thrusts are die ttemy 
and design of an ^vanc^ prototype hand-eye machine, and the <tesign 
of flight a>nirollers for high-performance aircraft. Both involve the in- 
tegration of many ''smart'' sensor data and the control of systems with 
very complicated dynamics, often requiring the use of symbolic algebra 
for tl^ir doivation. Implementatii^s by special-purpose VLSI processoi^ 
will b& examined. In the area of robotics, the program will address pri- 
marily feedback control of a mechanical hand with many-degrees-of*free- 
dom, bas^ on integration of data from several sensors. In the design of 
flight controllers we will focus on optimization-based design for unstable 
aircraft. 

The common thread in all these areas is their emph^is on the devel- 
q^n^nt of advanced CAD tools that combine tte spwific theory and 
practice of systems engineering with the three technology drivers: CAD, 
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VLSI, aiKl AI. The^ advam^ed design methods {mvUte tte intellectual 
txmd in this di\^ified {mgram. 11% jniogram cuts across the bouiHlanes 
oS a gre^ many ragiMering ami conqnjter scienra disciplii^/ 

isx>gram is interdisciplinary, imMem-driv^, and technique-spe- 
cific. We believe ^ the fimdan^ntal tools, and methodologies for their 
itesign, diat will be develq>ed as a result of the SRC research im^ram 
will have a v^ l»o^ ^^icability. Furdimnore, it is expected that these 
gmeric CAD tools will evoh^ out of strong intoaction anwng tl^ research 
^viti^ in the five focus areas. Each area iiKliKles systems of high 
craiplexity and design problems &m cannot be attack^ by conventional 
m^tods* As research i^c^resses in ^h area we expect to ses a cross- 
Utilization among the various efforts toward develqm^t of CAD tools. 
At tiie University of Maryland we have aheady witi^ssed th^ {rfieiK)menon 
in (tesign (projects on domical fntxress contrd and ^vanc^ ainrraft. 

Still signifkant f<^ die SRC*s mission is tte mtN:acti(H) between the 
ttmc tedmology drivm (CAD, VLSI ai^ AI) on the cme hand, ami, on 
die c^ier, die disciplims of omtrol and ccmimuni^on systen^ as re^ 
r^emed in die five focus-ai^Uration areas Jt is anticq^ted tto 
imerdisciplinoy {sc^ram will prompt a fimdamental reexaminaticHi of 
c<Hitrol ai^ ccmimunicaticm $)^ems tl^c^ and methodology, Furdier- 
more, it is expected that diislait»iiit»KtionwiU fester a s^onda^ 
of int^r^cm among tte focus areas as hardware inq)len^taticm5 fen* 
different plications are analyzed and compwed. 

Thus, the research (»:ogram of d^ SRC will have two major components: 

• m-de{^ investigation of the impact of VLSI, CAE, and AI 

• basic research in modeling, mathematical analysis, optimization, 
computatimal and numerical methods, control systems techniques, com- 
municaticMi system t^:hniques, and computer engineering techniques. 

The first component will address following matters. Regarding VLSI 
(die implen^ntation medium), we shall investigate algorithmic and ar- 
chitecti^ral aspects of VLSI; signal im)cessing chips; and control chif^. 
The design metho(k)logies to be developed must account for VLSI im- 
plementation constf^nts. Regarding CAE (the implementation environ- 
n^nt), we shall investigate the eiTects of interactive gr^hics, interfaces. 



*Tbe disciplines incliute: chemical process modeling, poiyn^^, bi(»ie^(»s, ctemicaJ re- 
ctors, ^rodynamsc$« flight contrDilers, rtjbo^c manifNiIatofs^ vision, senscH- design, signal pat>- 
cessii^, ct»nmumcaticm netwiMts, informatiim thecn^, coding, o|^miza!i<m, cc»itioi systems 
(tesign, stodio&tic control, (tetection and estimmion, algorithmic complexity* alg(»ithm archi- 
lectuif , VLSI array design, ofMimization-hased CAD. min^ricaJ linear aigebia, numerical math- 
CTatkrs, tuie*imsed expen systems, lamvl^ige-bssed expert systems, compiler algri»a, socha^ 
processes, queueing systems, manufacturing, and m^hanical machining. 
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etc., in the (tesign of sq^sticated CAD systems. Fc»* example, u. (te- 
velq>ii^ts Helped to Hbs, DELIGHT Marylin sy^m (a powerful q^im- 
ization-based design system we at Maryland), tl^ fact that ^van(^ 
grq^hics were to provide tt^ output envied the num^cal analyst to 
^^Xop an int^i^ve procedure thtf could handle multi-objective optim- 
izati(m. In additicHi, this environn^nt permits the engines to study a (^ign 
inx^lem in his own language, widiout being overburd^ied with omipli* 
cated comiMiter procedures. Regaxding AI, ^ shall inv^ti^te the effects 
of symbolic comjHi^Hcm and knowledge-tKi^ systen^ on ctesi^. 

llie second c<mi, ent is need^ b^use scq^sticated new theories 
and methodologies are required in CHxter to extract the maximum benefit 
possible from advances in microelectrOTics, CAE, ami AI. As Roland 
Schmitt (1984) <teaibes tte situation: '"In the technoic^ omtrols, 
. . . fundamental theoretical advatK^ are ne^l^ to catch up widi the 
speed and power of microelectrrHiics/* 

The unpact cf VLSI technology on signal processing and automatic 
control systems is en^rging as very influential. However, fOT success in 
this direction very advam^ed CAD tools must be (tevelqped and pqnilar- 
ized. Hie rapid develoi»nents we have swn in VLSI chip design and 
producti<m were ma<te p(^ible by die develqmient and rapid dissemi- 
nation of i^ecisely such ^vam^ CAD tools. The SRC program aims at 
pnxlucmg similarly sof^sticated CAD tools in the general area of control 
and communication systems engineoing design. 

An important factor in future systems engii^ering theories and (tesign 
techniques will be the development of expert systems for CAD (Stefik 
and de Kleer, 1983). In applying expert systems to design tasks the ictea 
is to pit knowledge against complexity, using exj^rt knowl^ge to whittle 
complexity down to a manage^le It is anticipated diat expert sys- 
tems will eventually be affiled in many (tesign areas; but their use in 
digital system itesign, particularly in CAD, will be a major advance. The 
planned SRC prc^ram will develop a broad research activity in this area. 

AI and symbolic computation promise to revolutionize design. There 
are very sound reasons for this prediction. First, the c^i of generating 
special-purpose Fortran-based codes is fast getting out of hand. Massive 
investments in design tools can become either a brake on innovative 
designs or an argument against further development. AI symbolic com- 
putation transfers mathematical models of the p4iysics of the system being 
designed from the code side (aj^tications code) to the data side of tte 
system, where tt^y can be used, manipulated, shared, modified, and even 
created by the system as easily as numerical data elements. This transfer 
is essential fOT the attainment of cheap, easily reconfigumble desigii tools. 
Second, AI and symbolic computation prevent the designer's entrainment 
in specific design procedures and processes provided by custom-coded 
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Foftran iMDgiBn», ami thus allow fm a flexible iq^m^h to tl^ (tesign. 
Syn^Uc inam]»ilation has immediate and powerful ai^lications in CAD. 
Ik^ example, amount ci nuisance inx>gFamming required to develop 
ami nuuntain large d»ign i^rkages am be reduced to a pr^cally neg- 
ligible of the oyraali code. Furdmmore, increasing d» level of ab- 
straction at which data and cocte are specified leduc^ significantly ^ 
CfHiiptexity of cocte transportability. Hnally, symbolic manipulation per- 
mits ffltire mad^nmtical nK)del$ — logic as well as its numerical i^ram- 
&en — to be trMij^ as d^ ciqf^le of being manii^lated, examimd, and 
modtited, as wtU as bemg executed like a Fortran subroutine. Fimher 
advaittagN offered by AI ir^lude neural languid im>cessing, automatic 
ctedirctkm, active models, ai^ learning and inferemre. An excellent 
example for an ^^scation of AI ami symbolic (imputation in aerosj^^ 
(tesign is gi\^n in Elias (1983). 

Systen^ engineo^ today are call^ upon to solve complex control ami 
communi^cm ctesign prc^lems for systems often described by huge sim- 
ulaticHi models. Tl^ tr^tional af^^o^h has been to reduce the coflq>lexity 
to a small number of mathematics equaticms and eventually apply rather 
simple elements of available thcOTies. Clearly we can do much better than 
ttM if we utilize the fiiil power of techniques ftom CAD and AI. Fur- 
thermore, tfie speed provided by VLSI arrays promi^s to supiK)rt the often 
r^-tin^ (nocking need of ^vam^ control and communication sys- 
tems. For systems of the complexity s^n today it is often difficult to write 
and n^ifHilme tte governing equations cwrectly. Think, for example, of 
the task facing a cl^ical engimer v^o is trying to describe a complex 
h^ustrial chemical {ntx^ess, starting from simple, elemental chemical re- 
acAon equaticms. His final goal is to design a process onitroller. Or 
consider ti^ ^fo^>^ engii^er w1k> is developing a mathematics model 
for a large, complex, multi-body, flexible structure in space. A)^n, his 
final goal is to ctesign a controll^. Both have to manipulate a large number 
of equations (often more than 100) of di^erent types (al^braic, differ- 
ential, partial differential. Boolean, etc.)* Symbolic mariipulation and 
rather elementary AI techniques (such as search heurisJcs, ''sup-inf* 
d^ision jm>cedures, etc*) can re^ily reduce tl^se tasks to routine and 
permit the engineer to concentrate on the design issues. More generally, 
there is clearly an established need for utilizing AI methcxlologies in CAD. 
In the design of flexible manufacturing systems, for example, one en- 
counters coordination problems that can benefit enormously from the use 
of automated reasoning programs. The latter can supervise the lower«-level 
numerical CAD programs. To ask such a systems engineer to solve the 
<^plex design problems of tod^y without such a combined arsenal of 
tools is similar to asking a VLSI chip designer to design the chip without 
the expert CAD tools now available. 
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In this di»;ussicm I have tried to convey the basic i<teas behind die 
research jMx^ram of the SRC. However, research is not the only fnirpose 
of d» Engineering R^earch Certers. Oir p\s^ for the SRC ^ucadooa} 
{nogram are «]ually in^xntant. 

THE EDUCATIONAL PLAN 

The basic theme of the SRC educational i^grams is that the Cen^ 
su{qx)rts and enhances educati(»ial fKograms and is a source of new courses 
aiKl material. FurttermcHne, the SRC and ti^ two universities involved are 
committed to the principle of lifelong ediK^aticm (see Bruce et al., 1982). 

Hie SRC will establish within the first two years a modem environment 
for rapid information di^eminidra via a local computef/communicatiim 
netwcHic, appropriately ccmiwcted to the University of Maryland univer- 
sity-wide netw(»i( and otl^r industrid and gov«im»nt i^tworks. Ade- 
quate work statitHis ax^ s4^faJ^i terminals will be |»t>vi<ted to suf^xiit 
sof^isticated (xnnputer-assisted instOKtion tools. Software libraries, case 
studies, and design examf^ will be maintained and updated. We plan 
to utilize, in a timely manna*, powoful ^ucational tools such as video 
discs, video tapes, personal onnputers, and work staticms. The recently 
initiated university-wide drive for such an envircmn^nt will acceler^ and 
support this effort. Similar effects are uiKter way at Harvard University, 
ami the electnmic linking of these two educational netwoiks will e^lish 
a superb educati(Hud environment. 

Vte Harvard University faulty gn>iq> will participate in the <tevelq>- 
ment of course material.We plan to maintain these materials in computer 
files (in a ''troff' standard format) and to exchange them, together with 
other course materials develops at Maryland, through comfxiter mail. 
This will permit rapid revision and rei»txhtction of lecture notes and other 
materials. 

Each research fm^ject at the SRC will generate a research seminar on 
reli^ background and research topics. Tl» seminars will be flexible, 
and will attempt to produce lecture notes on the rese^h perfom^. 
Successful fm])ject5 and seminars will then endeavOT to imxluce polist^ 
versions of these lecture notes for public^aion and wide distribution. 

Seminars will involve graduate as well as undergrachiate stmients. In 
fact, we plan to utilize the software systems developed by tt^ SRC as 
educational tools for sttKlents. This will serve two important purpc^es: 
timely codification of new knowledge and research results, and continuity 
in training and education for the students participating in the Center. 

In die current planning, all courses affiliated with the Center will be 
initially of the seminar or independent study type, and closely linked to 
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CMigoing r^eaicfa im>j^ts. Unctergraduate stmtents will participate in ev^ 
reseaidi prq^. 

Tte SRC will maintain stnmg and i»:ti\^ visiting {m^rems for scientists 
from ^^adenuc am! industrial as well as govemn^ntal rese^h It^b- 
c^atories. Outside dentists will be utili^ extrasively as ii^tnictors. 

Tb6 Cm&c will c»ganize an i^vam^-Ievel r^raining Ingram for pm:- 
ticing engiimers frcmi industry, govemn^nt, and c^hw institutions. In 
addition, ax^)erative pix^rams will be est^lisbed with industrial affiliates 
that will piovicte sununer en^loyment to students at govemn^t or in- 
dustrial research labcnrabHi^. 

DisieminatiiMi <tf rraeaich r^ults from the SRC will be implen^nted 
via technical research rqx»ts, a quarteriy technical magadne, software 
systems, and lecture m specific subj^. In addition, the Center 
will hold yeariy r. oridng ^minars and coll(X]uia focused research areas 
(cHie per >^}, with wide {mrtici]^ticMi from outsit scientists and students. 
Hie Center wilt also utilize stort, intensive courses (7 to 10 days) and 
d^ University of Marylaml's Instructional Television (ITV) System in 
oftier to pq>idarize aiui disKmiimte its r^earch fimiings. 

Tte educatimal plan of the Center is d^ign^ to blend naturally with 
die ac^mic offerings of the i^cipating units. Periodic revie^ra, per- 
fcrni^ in collab(»ration with f^cipating academic (te{^rtments, will 
ensure that infOTmation and knowledge are transferred to the regular ac- 
ademic curricula in a timely manner. 

INDUSTRIAL COLLABORATION PLAN 

There is growing acceptance of the f^ that technological and industrial 
innovation are central to the ectmomic well-being of the United States. 
Universiti^ are <me of the major perfumers of the fundan^tal re^arch 
diat umteiies techndogical iim>vaticHi. Ii»&istry fntts this re^ardi to work, 
and also identifies problems requiring new knowledge. Hie flow of people 
aiKl inf(»rmation tetw^ tte campus and industry is dius an important 
element in both scientific and technological advancen^nt. A broad col- 
l^XHation with industry in the res^rch areas of the SRC is expect^. 
Industry-university partnership has beciMi^ a national objective, and this 
new oivironn^nt is f^iticularly helpful to the Center's program. The 
significai^ pl»:ed on a healthy and strong industrial collaborative pro- 
gram is manifest^ in die establishment, within tl^ SRC, of an industrial 
liaison office for managing this program. 

Corporuticms with strong re^arch and develqm^nt (R&D) activities in 
areas related to the SRC research {m^gram will !^ invited to join in a 
group known as Systems Research Affiliates (SRA). Its purpose will be 
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to im>vide fen- (»)ntinuous strcHig scientific and educational intmcticm and 
to siq^x^ the Center*s activities. Th^t will be three gr^ies of m^bership 
in diis group, depending on d» kind ami level of involvement with SRC 
activities: sustainmg affiliate, qM»SOTing affiliate, and afRliate. 

Tte Harvard University team will {nrticipate in this »niviiy assumii^ 
reqjonsibility for ttts initi^ion of contact widi high-^hnology firms in 
die Boston area. It is anticip^d \3m such cont^ onild lead to involve- 
ment of tiKse firms in Ha activities of 1h£ Center, bodi at Harvard ami 
at Maryland. 

Imlustrial participation will occur in many modes: joint research projects 
(both widi aiKi widiout private funding); exchange of scientific personal 
for limited p^ods of time; sharing of advanced equifrnioit; joint devel- 
qmient of a software library and "»)ftware club"; u% of jmvate industry 
laboratfmes and test beds for SRC projects; specialized education for 
practicing engineers; cooperative employment programs for SRC students; 
work-study programs; fellowship programs; and industrial funding of 
^ipment, stwtents, faulty, and w(»icshq>s at the SRC. Our strategy for 
devel(^g a strong imlustrial (»llab(»-ation progrun is based on tte build- 
ing of strcHig technic ties with industrial reseuch engineers. The col- 
labOTati(ni between the two universities, and the unique characteristics of 
their rrapective regiras, offer distinct advantages to the SRC. It is a 
somewhat innovative feature of the planning for the SRC that a synergistic 
re^arch, development, and education effort will be undertaken in a critical 
high-t^hnoiogy area by the three most concerned communities: univer- 
sity, industry, and govemn^t. 

Industiy will be a{^i»iate!y represented in the administi^ve, man- 
agement, and research structure of die SRC. There will be industiy rep- 
resentatives in ti» ^bninlstrative and research cmiiKils of the SRC, 
professional resident fellows from the sustaining affiliates, and visiting 
sciratists from industry. 

It is worth reiterating the importance of university-industiy collalwratioo 
in tile {HOgrams of the SRC. First, we believe that a key to innovation is 
a close coupling betw^n die re^archers and develqjers of technology 
and its users. This coupling must be in place during the entire innovation 
process. Second, certain of die technology drivers of die SRC, such as 
VLSI and AI, have been vigorously pursued by industrial research 1^ 
because of dieir enormous potential commercial value, lliird, lack of 
skilled manpower is particularly acute in the mix of disciplines underlying 
the SRC. Strong industrial re^arch participation in the proposed SRC will 
enhance considerably die protebility diat die Center will succeed in its 
mission. 
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CONCLUSION: A TORMULA FOR SUCCESS 

The Systems Research Center links two nuijcH* unimsities that pc^sess 
teo^ intellet^ual, engineering, and ^ientific expose. It also links two 
and complementary high-^A enters. Two excej^onally stnmg 
aiKi ccm^len^ntary gn>u{» o( syst^ns scientists and engines will col- 
labmt^ in an ambitious pio^ram diat is expected to infract with ami 
all En^^erii^ Rematch Centers ratablisted to d^. In 
»^tim) u> tt» $16 million in NSF suf^port for the first five years, tte 
SRC has ^rong c<»mutments from bo^ univmities and from the State 
of Maryland. The University of Maryland has committed 12 new faculty 
positscms, 10,000 squmie feet of new sp^, $1 million in q)erating funds, 
$1 million in dedicate equijHnent, and another $1.6 million in shared 
equi{»nent. Harvard University has onnmitted two new faculty positions, 
1 9SSO square feet of new sp^, ami comfnita netwcnking. Maryland 
Dei^rtment of E^nK>mic and Community Develqnnent will assist with 
the establishiront of tte SRC and, in fwticular, its imlustrial coUabmation 
jrfan. The SRC will collaborate on res^rch, education, and mdustrial 
pr u grau K with the University of Marylaml &igineering Research Center 
(established by tte State to provide an engii^ering extension service, 
equipn^t grants, am) an incubatcH* facility), with the University of Mary- 
1^ Institute for Advanced Comj^ter Studies, and with the National 
Security Agency (NS A) Supercomfmting Research Center at the Maryland 
Sciei^ ami Technology P^. 

I will end widi a brief r^apitulation of our goals. Hie future design of 
electnmic ctmlrol and craununication systems must be performed by so- 
l^sticated computer-aided n^thods, all the way ftom problem <tefinition 
to blueprint specifications for the electronic circuit the software im- 
{denoting tl^ design. This veitical integratim stould be accomplished 
in tl^ next decacte, and is indeed the driving goal in the research progium 
of the SRC. With the utilization of expert systems and CAD tools across 
different arplication areas, substantial cross-fertilization occurs as the 
experience and experti^ pass from area to area in an unending loop, each 
tin^ improving the power and efficiency of the design n^^thodology . This 
type of interaction is not possible without the utilization of these tech- 
nologies. We telieve that tl^ interdisciplinary program of the SRC will 
spark a fundamental reexamination of control and communication systems 
ctesign as we develop the design tools for the electronic ''smart'* boxes 
of t)^ future. 

I emphasize again that the prc^>osed research program includes a sub- 
stantial component of fundamental research in mathematical modeling, 
analytical studies in optimization and dynamics, sophisticated methods 
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from statistics ami iMiobability, m\ advmxd comput^onal n^ttods and 
num^ical al^nithms. Tte^ essent^ if we are going to (temasKl that 
(tesigns pnxiuced offer a sutetantial improvemnt in p^fcmnance ov^ 
ctmventional oi^. Imteedt we hq» to develop CAD tools that will be 
able to produce special-jHirpose software and hardware implen^ntatioi» 
utilizing very ad^^nced, albeit exp^sive, technology. Without a ^^s- 
dcated analytkal/cominitaticmal foundation, the advisability of such (te- 
signs is qu^<»^le. To f^t it singly, engineers are ^ing to need very 
advan^ analytica]/com|Hitati(mai tools in (Hdo* to squeeze cnit of tte 
final implementaiicm (be it hardware m software) every possible p^or- 
maiKe inqm)venient. CAD is clearly die economical way to go— ^ 
alternative being a seqimnce of untest^ trial-aiKl-aitir experimental de- 
signs* Essentially, it affords extensive toting and evaluation ^ a low cost. 

Tte hamK)nious marria^ of powerful analytical/ran^tational m^b- 
odolpgies with tte three technology drivm de^bed in die SRC research 
prc^ram summary is bound to produce what we would like to call the 
ultimo systems ^gii^^ng technolc^. Finally, the SRC is ctedicated 
to die ^ucation and training of a new generation of ccmtrol ami com- 
munication systems design engineers. 
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SUMMARY 

Tte focus of Purdue University's new Engineering Research Center is 
m intelligent nianuf«;turing systems — a phrase intended to <tescribe the 
next g^ieration of automated design/manufacturing systems. That gen- 
eraiAm will emerge in the 1990s as fully integrated, flexible, self-adaptive, 
«»n{»iter<contn)Ued systems covoing the full mnge of factory operations 
from iffoduct concept thn»igh delivery. The Center is organized to suppnt 
die bng range cross-disciplinary effort in research ami education needed 
to bring this t»;hnol<^y into wide use in Andean industry. 

Twenty to 30 professors will conduct the research, w«idng in project 
teams widi as many as 120 graduate students and, through a novel ar- 
raqgement, anodier 80 imd^gimiuat^. National Science Foundation (NSF) 
funding for the pn^ram is ^^proximately $1 .6 million dollars for the first 
year, the amount will increa^ year by year, totaling as much as $17 
million dollars over the first five years. 

The new Center for Intelligent Manufacturing Systems builds upon 
Purdue's success with th. Computer Integrated Design, Manufacturing, 
ami Automation Center (CIDMAC), which broke new ground in organ- 
izing cross-disciplinary , joint university-industry research. The new Center 
complen^nts the activi^ of CIDMAC to achieve broader technical cov- 
erage and wider imlustrial impact. It also addresses the problems of ed- 
ucational innovation that must accompany a new style of engin^ring. 

INTRODUCTION 

This Engineering Research Center represents a serious effort on the part 
of Purdue University to address the needs of the American manufacturing 
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indu^ in meeting competitive challenges. It is motivated by an awarei^ss 
of both (tm importam^ of a tealthy manufacturing base to society at laige 
mKi tlK essential role of engii^ing education and research in meeting 
industrial needs. 

It is now widely recognized that the American manufacniring industry 
is f»;ing a>mpetitive {vessuies that literally threaten its survival. Fur- 
diermore, it is cl^ that our engii^ering education system must undertake 
significant revis!C»» to meet dw new challenges. Recent studies, such as 
that of the Nidonal R^earch CounciPs Committee on die Education ami 
Utilizaticm of die Engineer, have clearly identifi^ and chanurterized tl^se 
needs. 

The overall fm^lem is systemic in nature. Small-scale, narrowly fo- 
cused prc^rams dealing with cme or another of the many aspects of t)» 
prc^lem cannot adequately confrcmt the global issues involv^. Four ov- 
erriding requirements stand out: 

1 . TTiere is a need for new mechanisms to providte closer lir^ge be- 
tween industjy and the «:ademic community, in order to close the im- 
plementation gap and ensure the smooth flow of information in both 
directions. 

2. Greater emphasis on the integrati<m of engineering knowledge (in 
both r^earch and education) is needed to deal with the increasingly per- 
vasive systems n^ure of problems. 

3 The methods aiKi structure of engineering education must be reno- 
vated in order to pn^v'de the kind c' engineer that industry will need in 
the future. 

4. A large-scale cross-disciplinary effort will be required if the program 
is to have sufficient imptic: to Ixnefit a wide spectrum of manufacturing 
practices at a national Ijvel. 

Taken together, these requirements dictate a significant cfeparture from 
the traditional behavior of niost universities. Even with sincere, dedicated 
efforts by highly competent people there arc countless ways to fail. The 
viability of any effcMt of this kind depends critically upon a well-selected 
focus, a wisely constructed organization, and a carefully planned system 
of program management. Figure 1 depicts the way in which the Center 
is embedded within the Purdue University organization. The relationships 
and functions of contributing entities will be described in later sections 
of this p^per. 

FOCUS OF THE CENTER 

The new Center will focus on intelligent manufacturing systems. Hie 
phrase •'manufacturing system" is sometimes used in fi narrow sense by 
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FIGURE 1 Place of the Center in tfie Purdue University Oi^anization. 

machme Uwl suppliers to refer to integrated prcxiuclion morhinery. The 
meaning Iwre is broader. It encompasses all those activities associmed 
witfi n^ing products, including design, planning, prwressing, mana^- 
ment, inventory control, and every other aspect of the i»oduct realization 
process. Although the kinds of jwoducts considered will not be limited, 
<mr primary emphasis will be on m«:hanical and electromechanical prod- 
ucts that are made in discrete units. c(Mitinuous-i»ocess industries 
(e.g., paper and steel) have unique problems that we do not intend to 
^klress, although the Center will address some generic issues that would 
an>ly wjually well to both discrete and continuous production. 



Background 

To gain a better understanding of what the word "intelligent" means 
in the context of manufacturing systems it is useful to trace the historical 
development of manufacturing. From the earliest times through the first 
stages of the Industrial Revolution the dominant feature of manufacturing 
was human labo-. Later, when mechanical automation was first coming 
into comnKm use, the center of attention was on fix&i automation for 
high- volume prjxiucticm; the conveyor l»lt is an example. Beginning in 
the 1950s numerically controllwl machines and electrwiic process controls 
began to take over some of the low-levei supervisory buitien from people. 
Starting in tfie 1970s and continuing talay. 'he emphasis has been on 
flexibility (i.e., the ability to adjust to changing requirements) and inte- 
gration of computer software. It could be said that we have passed though 
three generaticws of manufamuing technology ami arc now in the midst 
of the fourth generation (see Figure 2). Looking ahead to the next 20 
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1st ^notdcm (p]:€-20th century) — manual labor 
2d gei^mion (eariy ^)tfa century) — fixed automation 
^ gei^ratkHi (19!^) — numerical ^trol 
4th ^n»ati<ra (197(^) — flexible automation 
5th generation (19?K)s) — intelligent systems 



FIGURE 2 Stages of evolution of iranufacturing technology. 

years, what novel futures are likely to characterize the fifth gei^raticm 
of manufi^miring? 

Hie histiMic^ evolution of manufactming over tte past century reveals 
two major long-term tremte. First, there has a shift in emphasis away 
from labor and machinery cracems toward more al^tract informaticni 
concerns. Today tte single most significant feature of raanuf^turing is 
the complexity of the information involved. Thus, a major new problem 
faced by ail manufacturing tnisines^ is how to engii^er pmpeAy the 
information structures that fe^ and control all of tt^ product-realizaticm 
imxmes. We may expect fifth-genmtion manufacturing systems to uti- 
lize major advances in the technology of information engin^ng. 

The s^xmd major trend is an increasing awareness of the significaiM^e 
of systems phenomena. Wtereas eariy manufacturing sought to segment, 
or decompose, tte many steps of prodi^ realizatii^ in order to simplify 
the management of the overall enterprise, it is now te(H:>gni^ that many 
problems can be attribute to inad^u^ attention to the interfaces between 
these stei^. Hie gap between design and manufacturing \& a notcnious 
one; but there arp many c^r examples as welL Hfth-generati<»i manu- 
facturing systems will involve a far greater integration of technologies to 
achieve true system optimization. 

Hie term we u^ to ctescribe this next major advance in producticm 
technology — this fifth generation — is 'intelligent manufacmring sys- 
tems/' The words are intended to carry the connotation of higher-level 
computer control, flexibility, and integration. All sectors of manufacturing 
will be impacted by these changes, some sooner than others. The Center 
will conduct research, education, and technology transfer activities to 
facilitate expeditious progress toward the goal of greater control, flexi- 
bility, and integration. 



What would an intelligent manufacturing system entail? Where should 
a university based research program focus i:s attention? In order to develop 
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a ccm^H^etei^ive pictm^ to guide ccmsictonation of ibesc questions, consider 
flm nHmufi^miring fun^ions tben^lv^. Hiese can be conv^ently 
gitrap^ into three categoric design^ processing, ami planning and con- 
trol. Together, d^se three labels cover all the fiuKticms that transform 
^mccfto^ lequiren^ts, raw materials, ano r^cHirces into i^xlucts. Al- 
tdKmgh tl^ are carri^ mit in various ways ai^i with varying d^;r^ of 
swcm by diffeient uidustries, it is clear timt the three categwies are 
logkally distinguisi^le ami that all are al^lutely e^ntial to tl^ reali- 
zatk» fmducts* 

In ttkiition to i^rticif^ting in d^se functions directly, engineers in 
iiKlustry have coiKen^ themselves with supplying ^ipment to improve 
ti»se proc^ses* We will call this kind of unprovement i»t>cess '^auto- 
m^ion engii^ring/* It is external to die manufacturing iimction itself, 
in tile senK diat it is mcne conramed with nKxlifying the {hxx^sk than 
widi making imxli^* Hi^orically, tl^ attentic^ given to automaticMi has 
been hardware-intensive, and generally localized to iiKlividual components 
of the laiger manufi^mmng system* Even the n^t modem flexible man- 
ufacturii^ systems can be fairly characterized in this way. 

Our focus on intelligent manufiurturing sy^ms require a new emi^iasis 
cm the information asp^ of the system. Information engineering is sim- 
ilar to automation engineering in its objective to improve the direct man- 
ufacturing functions; but it is distiiurtly different in its emphasis on logic, 
IHOcedures, c»*ganization, aiul software instead of equ^ment. Because it 
is im|K>ssible to <teal with tl^se latter aspects in illation, informatiiHi 
engineering also requires a completely integrate ^^^roach to the entire 
manufacturing system, including all of the pi^^ mention^ above. Figure 
3 illustrates tte overall concerns of our research program, emphasizing 
the integrated nature of the elements (this is not tl^ only way to structure 
the Center's approach, of course). 

Detailed technical work will carri^ out in all of the are4;S, However, 
it shcHild be umlerstood that the wholeness of the prograir is more im- 
portant than any one part; it is this feature that distinguishes the Center 
for Intelligent Manufacturing Systems from a mere collection of projects. 
A typical project within the Center will involve the faculty of two or more 
disciplines dealing jointly with research issues that cut ^oss traditional 
boundaries. 



THE RESEARCH PROGRAM 

The traditional reliance upon individual investigators or small teams of 
investigators works quite well for well-defin^ single-dtscipline projects. 
There is no need to criticize that approach; any other that we might plan 
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FIGURE 3 Eiem^ts and interactions in the intelligent manufacturing system. 

would ne«ilessly undermire it. However, a cross-disciplinary Center of- 
fers opportunities for research that are (^herwise possible. One of the 
princii^ reasons for conducting research in a Center organization such 
as ours is to coordinate activity within the group so as to achieve nune 
than separate projects alone would permit. That is, the synergism itself 
has value. Mweover, the dialogue about research priorities that automat- 
ically accompanies the organization of such a Center serves as a self- 
regulating, unobtrusive force to ensure relevance of the separate com- 
ponents. This is particularly tnm when industrial representatives with 
knowledge and vision can enter the dialogue, as has been and will continue 
to be the case in planning for our Center* 

Of course, a cross-disciplinary Center introduces a ne^ for program 
management of a kind not ordinarily faced in conducting academic re- 
search. Aside from the mechanical details of organization and operations, 
it is important that clear guidelines, or a philosophy, established for 
selection of tne specific research topics to be investigated. Obviously, the 
topics should have intrinsic merit, a strong cross-disciplinary flavor, and 
a clear relationship to the fc^us of the Center* Beyond these points two 
£Miditional guidelines should be followed* 
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First, it is tiX9X>rtant to be very elective about the projects undertaken* 
AltlKm^ this C&ktN will rejmsent an uiHtetaking of consid^able mag- 
nituck, d» total effort can be no more than a small friKtion of the naticnml 
r^eaidi effort in manufmmmng* We cannot }K)pe to do more than con- 
tnlmte to tte overall effcm. Furttomore, tt^ needs are so gre^ in so 
nmny aim diat it is pointless to compete with odier universities or research 
ii^titficms who are aheiuty excelling in (^rtain areas. C^nerally, we want 
to pursi^ those {mjects diat are in line with our ^tral mission bs^ that 
we are b^ equii^^ed to undertake in terms of b^kgrcmnd, talent, facilities, 
ami circumstances* We will coni^trate our lesouices and att^tion on 
e^^oiting our present strengdis* 

A sea>nd guiding priinriple in selecting research projects is to maximize 
ievonge* This Center will identify problems that offer the possibility of 
a ^^y large payoff for a reasonable amoimt of woik. These jiroblems 
teiKl to coincide with tte mc^ critical needs in industry — the bottlen^ks 
to productivity — but are not nec^sarily short-term or easily overcome 
d>$tacl^. Generally, universities are best suited to wcH'king on the frontiers 
of knowledge, wf^e the a>mmercial ii^ntives are not yet clear enough 
to enccHU'age {mvate initiative* 

AltlKXigh Ttmt engineering research is canri^ out with the conviction 
that it will eventually prove beneficial, tte manufacturing aiena impo^ 
special requinen^nts to make explicit tte ^sts, benefits, ami timing of 
r^aich. file fact that the benefits may be long-term docs not diminish 
die re^nsibility of engineering research for consciously addiessing these 
issues, because the ultimate penetration of any imu>vaticMi in manufacturing 
dq)cnds as much on economic factors and timing as it does on technical 
success. Tterefoie, all of the Center's research projects will be evaluate 
in terms of ^ir potential ecc^mnic bei^fits as well as tl^ir puiely tech- 
nical aspects* 

It would be counterproductive to detail in advance a rigid, permanent 
structure for all of ti^ research to undertaken. Creating an environment 
th^ encourages innovation requires a flexible organization that is clearly 
and openly re(^pti\^ to new ideas. Furthermore^ the target we are trying 
to hit is moving. It is possible to provide a sample listing of likely projects 
to indicate the geneml flavor of the work the Center will supiK)rt. Of 
course, it will be the responsibility of the individual investigators to form 
teams and organize their own proposed efforts, which will then undergo 
review befcne funding. Some likely research areas are: 

• computer-integrated system for product design/analysis 

• data-base system for CAD/CAM integration 

• automatic intelligent process planning and production preparation 

• virtual manufacturing'' software few intelligent manufacturing 
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• i»foces$ techiK)!ogy integration 

• intelli^t errar ccmi{misatscn in precision machining 

• intelligent cmitrol for automated (mxluctira and assembly 

• integral nucn^ns(»:s for intdl^ost control 

• £dvanced inteUi^it a^embly and inflection. 

Ttese are only examples, of course, and e^^ such intoiently cross- 
disciplinary project clusters as tl^e must address the long-range objective 
of tc^ system integraUcMi. 



THE EDUCATIONAL PROGRAM 

In ^ucation as in r^earch it is essential to have a guiding ^rfiik^qdiy. 
It is neither ne<^sary mn* drairable to build an educatimml program from 
scrateh. existing engineering prc^rams have evolved ova years and 
have dewloped strengths that it wmild be foolish to ignme. On tiie (Ml^ 
haiKl, it would be equally foolish to pretend that cmr engii^ering educa- 
tional system is i»lequate to tl^ new ^mands that sre enmging from 
concerns about national competitivei^. In concert witii tiie research 
{»x>gram and with tlK^ nwre directed technology transfo* program to be 
(tescribed later, our Center will explore fr^h ^>proaches to jroviding the 
human resources tiiat will be neec^ in the future. It will do this through 
a combination of traditional and m)ntr^iti<mal educational programs. 

It should be noted that many of Hm ediK^^ira delivery mechanisms that 
are just now coming into vogue nationally have been in plsce at Purdue 
for son% tin^. We have h^ a widely prais^ engii^ring co-q3 program 
enrolling more that 1 ,300 stuctents annually, and involving ^^noximately 
650 corporations. An imdergraduate program in interdisciplinary engi* 
n^ring, involving ^>out 125 students a year, provides an qqxmimity for 
custom*taiIor^ curricula to n^t spccifsd needs in si»:h areas as biomedic^J 
engin^ring, transportation, and energy. We have long h^ an extensive 
continuing engin^ring ^ucation {m>gram. Our on-campus conferen^ 
f^ilities are amcNig the largest of siKh f2K:ilities at any univ^ity and are 
fully utilized. TelevisicHi instruction has been fuUy develq>ed for botii m- 
campus and statewide off-campus learning. 

Notwithstanding this strong backgrouml of programs in place, we r^- 
ognize that new initi.^tives are needed to focus and structure an educational 
program that specifically addresses imnufacturing requiren^ts. Because 
the subj^ is evolving rapidly, the f»x^ram must stress fundamentals rather 
than fads. It should fester tiie spirit of innovation, and prej^ the student 
to live comfortably in a world of constant technical diange. We slK^d 
strive to make the program attractive to the very best stt^nts, because 
tl^ regimen is likely to pro\e^ mort demanding than a traditional (m>gram. 
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It is to ktentify nanowness discipiinaiy perepective as ot» of 
n^cn* educ^kmal (Ht^lems in engineering today. It is also easy to 
stroctme a cross-disciirfinary pn^ram that peimits students to pick and 
dxjosc from a wi<te selection of courses. What is difficult is to build a 
cross-disciplinary ptogtam that avoids superficiality. 

Thus a new curriculum plan is needed, drawing on the expertise of 
ssvml oigii^aring disc^)lii^. No existing engine^ing im)grani can han- 
dle tids diaU^ige akn^. Ftirthermore, the programs that are most closely 
related to d» need ate already hard-i»i^i^ to satisfy tl» demands for 
teMhii^ and r^arch in their tr^ticmal areas of expertise. New initiatives 
anl mw resources are needed. 

Askte fixxn^cunicular changes that are alr«idy understudy at Purdi^, 
and which will be aided by the new Center, we have devised a plan that 
squarely aAiresse^ die dilemma of how to involve undeigr»Juates directly 
in iiN^rcfa — s(»nething they mMmalJy have little opp(»tunity to do. It is 
a diffioilt |»Dblem, because uiukagraduates ha\« little time to devote to 
re^irdi Wbiie mating gi^hiation requirements, and tl^y usually lack 
sufRcioit in-dq>di knowledge to have much to offer in »ivanced work. 
However, we have devised a strategy to permit the most capable students 
to beame genuine m»nbers of a research team. 

The Center will offer to qualified students the opportunity to become 
Sunomer Umlergr^uate Research Interns (SLTRIs), During one summer, 
probably b^een the junior and senior years, a SURI will join an ongoing 
regard: project team (along with faculty and graduate stwients who have 
beai working throughout the year). He or she will be paid a salary of up 
to $2,500, and will be exp^^ to make a positive contribution to the 
research. To qualify tte student must have taken certain courses (beyond 
die usual required courses) and have eam^l good grades. These qualifi- 
c^ons are to ensure botfi actequate preparation and seriousness of intent. 
TTjis is a petition to be eam«i, not a financial aid pro^jram. We expect 
as many as 80 SURI positions to be award«l, and have included the cost 
of student wages in the budget. 

The SURI program is highly experimental. If the plan can be made to 
wwk, it i»omises benefits to both the students and the research projects. 
M(»:ra^^, it may serve to encourage the best smdents to pursue graduate 
studies. 

At tlw graduate level, ftirdue has developed and is currently in the 
process of implementing a Masters-level core program in manufacturing 
systems of engineering. This program, which was developed jointly by 
dte Schools of Engireering under a grant from the Westinghouse Foun- 
dation, emphasizes the integration of technologies of design, manufac- 
turing, and automation. The pn^ram will be administered by Uie Schools 
of Engineering, with guidance by a policy board consisting of the heads 

DO 
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of tte Mechanical, Electrical, and Industrial Engineering (^^itments. An 
advis(»y committee of ctvporate rejniNratatives will be fOTmed. Hiis 
committee will participate in m^ policy discussions and review {Hogram 
plans. Ac^emic »lministFation will be hailed by ii»lividual stAtooh and 
will be coi»i^m widi gradu^ school policy. 

In the categmy of continuing education , Purdue has recognize the need 
for mvf delimy n^hanisms to aidres& the inx^lem of technical obso- 
lescem^e of mid-career engii^o^. The presi(tent of tt» univ»sity has 
spoken often of the need for fresh approach^ to this increasingly important 
chalknge, ami has declami it to be a high priority item for the entire 
university. The Cent»- will {Huticipate in tl» full range of new offmngs 
that are being developed toward this end. BeycMid these initiatives the 
Center will develc^ its own }m>gram. to be specifically targeted at en- 
gineers in the manufacturing industri^ most affected by our rese^h. 

INDUSTRIAL PARTICIPATION 

Fulfillment of tlw missicm of this Center will require the direct partic- 
ipaticMi of industry. FinaiKial contributions are important, of course, as 
diey are needed to support Center (^)erations. Ths financial commitment 
also ensures the continue active attention of important peq)le in the 
com(»nies. But it wovld be a mistake to think of the relationship as merely 
a financial transaction, in which a company is buying something of value 
fnnn Purdue. Rather, tiw arrangement should be consi(ter«i a joint venture, 
in which all parties contribute and share. CIDMAC has proven that such 
a concept can work. 

Mechanisms 

The new Center for Intelligent Mmiufacturing Systems will offer two 
levels of industrial participation. Tlie existing CIDMAC program will 
b^ome a part of die ERC, and will be expanded to include more member 
companies. This form of participation requires a significant commitn^t 
because it involves maintaining a close working relationship, including a 
full-time site representative. The site representative is a technically ori- 
ented employee of the company who resides at Purdue and engages in the 
day-to-day activities of the Center. In additim, each men^ber company 
will have representation on the Policy Advisory Committee and on the 
Technical Advisory Committee. It is understood that the ind viduals on 
these committees represent not just their own companies' interests, but 
those of American manufacturing industry as a whole. There is a reason- 
able limit to tt» number of companies that could participate in this manner — 
probably in the range of 12 to 15. 
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Tte Other fonn of participation in the Center is as an "affiliate." 
Affiliates receive a newsletter and reports, and may attend an annual 
r^aicfa forum. Generally speaking, they will be ol^ervers of il« activities 
<rf tf» Center ratter than direct participan s n the reswoch. The obligation 
of an affiliate to tte Center involves no more than die payn^t of an 
annual fee. 

Technology Tranter 

Cotttj^aed to other imlustrialized nations, the United States has 
provit^ very well for routine technology transfer between universities 
and manufacturing companies. This fact alone is oi^ of the major reasons 
iiM^^laggiiig productivity gains. Any coraprelwnsive strategy diat is intended 
to iitq»tn« U.S. manufacturing productivity must address tiiis issue. 

The OD-site industrial representatives of chit principal industrial partners, 
as well as the affiliate program just (tescribed, will serve as effective 
ccmduits for the exchange of informaticm and ta;hnology arising out of 
tiie Center's work. Other, more commonplace n^ans of infOTmation/tech- 
mtlogy transfer, such as workshoj^ and confercm^s, will be organize 
from time to time as apprqjriate. The usual fwactices of publication and 
jH^Ksentation will also be carri«j out. The lAilosophy that must guide all 
of the research done witiiin die Center is tiiat it be available to all U.S. - 
lased COTipanies. Although our industrial participants may enjoy special 
^anti^ by virtue of Uieir direct involvement in die wc.ic ^ it occurs, 
the Center will not restrict dissemination of results to just those few 
com{^es. Indeed, it is part of tte mission of the Center to actively 
dis^minate its results so as to improve the competitiveness of American 
manufacturing industry. 



Center for Robotic Systems in 
Microelectronics 



SUSAN HACKWOOD 



INTRODUCTION 

The Center for Rotxitic Systems in Microelectronics, located at die 
University of California at Santa Barbara (UCSB), brings together two 
t«;hnologies of vital importance to U.S. industry: rolxrtic systems engi- 
neering and microelectronics manufacturing. By waking in this cross- 
disciplinary area t)» center will generate advaiK:es in applied as well as 
fundamental research. 

Hie main goals of tl^ Center are to create new technology in flexible 
automation for semiconductor device fabrication and to educate a new 
generation of engineers skilled in the implementation of robotic systems. 

The program being implemented at UCSB involves faculty and stuctents 
from four different engineering departments, and has a unique nwthod of 
interacting with industry. The ediwational program now under way will 
produ<% graduate and undergraduate students who will be familiar widi 
tl» needs of industry, and who will be capable of designing and building 
automatic^) systems. 

UCSB. locate about 100 miles north of Los Angeles and 250 miles 
south of Silicon Valley, is geographically well situated to become a major 
research focus for California's high-technology industries, A high level 
of university commitment, along with National Science Foundaticm (NSF") 
funding, will ensure the success of the Center during the start-up period. 
However, the eventupi goal of the Center is to become self-sufficient 
through funding froiti industrial sources. 
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ROBOTICS AND MICROELECTRONICS 

We define "robot" as a computer-comroUed m^Oiine which is self- 
leinograminable via senswy inputs. Mechanical arms are examples of 
nbota; l»it within this bn>»l (tefiniti(»i semic(Mulucb»' {socessing equip- 
ment can also be regarded as a robot if the equipment is endowed with 
sensory-based control. 

The pinsuit of automadcm in microelectronics can have two distiiKt 
goals. The firet is process investigation. Here robotics is used to control 
a fdvici^on sequence automatically and rej^oducibly to obain optimum 
results. The second goal is increasing yield, while maintaining quality and 
leliaWlity. As v«y large scale integrated circuit (VLSI) features continue 
to shrink (I-micron features will be standard in the future) and complexity 
increase, production costs will be the critical factor for competitiveness 
in miooelectrcmics. TTius, of titese two aspects of automation in elcc- 
timm — process inv^tigmion and iiKreasing yield — tl« Center will em- 
I^iasize the latter, ahhough without neglecting the first. This emphasis 
was chosen because productivity is economically the most critical aspect, 
ami because it is not currently being researched. 

Accordingly, we have chosen research areas that will result in reduced 
C08& in semiccMiductor device fal»ication. To accomplish this, robotic 
systems that allow more accurate alignment, reduction of particles and 
^khcts, and bett^ control of complex processes are being develops. 
Three general research areas have been selected for focus: (1) robotic 
systems fw- material transfer, (2) robotic systems for process control, and 
(3) robotic systems for assembly and packaging. 

Many universities have realized the extreme importance of robotics 
resetoch and education for the survival of our economy. Unique to the 
UCSB Center is the emphasis on systems. We define a rob(Hic system as 
"a collection of interacting robots and peripherals that together achieve 
a (tefinite purpose." Recently, it has become apparent that the bottleneck 
in n^KHics is not so much in the science as it is in the imp-ementation. 

The United States may sti.: lead in the fimdamentals, but it is lagging 
behind Japan in system design and application of robotics in industry, as 
Figure 1 makes clear. Th>? Center, while advancing the basic knowledge 
of robotics in marhanics, in control, and in sensors, will stress the inte- 
gration of rc^tic systems into real-life environments. The result, as sug- 
gested by Figure 2, should be an mxelerated reduction of manufacturing 
c<»ts and an improved U.S. competitive position. 

MANAGEMENT AND RESEARCH METHODS 

Tl« Center is led by a three-person team. The type of university-industry 
cooperation envisioned for this Center requires a range of leadership tasks 
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ROBOT INSTALLATIONS 
^ U.S. D JAPAN 



45,000 



32,000 



7,000 




14,000 




FIGURE 1 
U.S. industry 



1982 1983 1^ 

Application of robots in Japai»se industry comi»red to application in 



that are test cairi^ out by a team. In this way it is possible to maintain 
Ae ex«;utive effectiveness of the leadei^hip without sacrificing its tech- 
nical expertise. (Such a sacrifice is inevitably made whenever the executive 
function resides in one person alone, as is often seen in the case of 
university leaders who, in order to administer, have iireversibly lo^ con- 
tact with research.) 

The Center also proposes a new method of engineering research. The 
usual procedure is to go from the geiwral to the specific, to do first research 
and then development. Typically, research is done freely in academia, 
ami out of the results fmxJuced industry picks those worthy of develq>- 
ment. Robotic systems research cannot be done this way. TTie procedure 
used by the Center is to go from the sp«:ific to the general, doing appli- 
cations first and gaining fundamental knowledge later (see Figure 3). 
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TIME 




Research focused on real applications does not, however, deny the im- 
portance of pertinent basic underlying principles. 

Research is carried out by a multidisciplinary team of 16 professors 
from four departments (Electrical and Computer Engineering, Mechanical 
Engineering, Chemical Engineering, and Computer Science). Projects are 
WKier way in the basic disciplines of robotics (mechanics, control, and 
machine perception), as well as on applied research in flexible automation 
of microelectronics manufacturing. 
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Specific Problem 



New Technology 




4 



Gen««l Problems 



New Krwwledge 




(ShfNtTerm) 



(Long-Term} 



FIGURE 3 The CeotAf's apiprt^ to robotic systons researdi, involving the cieatkM 
of new knowledge by ^neralization from specific ta^. 



A strong interacti(Mi with uKlustry is the key to the success of the Center. 
Urn Center (grates as a "systems htHise." This systems house is tte 
missing link betw^n the to\xA builder and the robot user. Tlw omc^ 
involves several key features. First, an automaticMi project is selected 
jointly by a private company aiKl the Center faculty. Hie i»roj^ is ctosen 
for its important^ to the c(Hnpau> , relevance to tl» advan^ment of nd>ot}c 
systems engineering, level of difficulty, time $<^e for executira, and 
amount of industrial commitment. Project design and executioi occur at 
the Center. Industrial participation includes the <»>m{^y's assigning en- 
gineers to wodc with die Center. Implementation takes place on luxation 
in industry. 

In the systems house mode of operation the Center can b^ome finan- 
cially self-sufficient in the following way. Hie company purchases the 
equipment necessary for the system to be implemented. The equipment 
is then loan^ to the Center. Equipment is loaned rather than donated 
becauK the end product of a research effort is the sua:essful transfer of 
the same equipment, in the form of a complete system, back to tl» com- 
pany. In return for the completed system the comply is asked to fuiKl 
students and faculty for the next project in prq;»rtion to die complexity 
of the system. The total cost to industry is substantially 1^ than tt^ c<»t 
of commercial systems houses, and the university benefits since the Center 
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leoeim stiutent/fiKulty supp<xt and is assured of always having the most 
up-to-date equifHnent available fc»- r^earch, at ik) ayst. 

Current Industrial Participation 

At jment die Cemer is su{qx>rted by ^^xim^y IS com|>anies. 
Tl^e incliufe: (1) lar^ semionuiiK^ and/or equijmient manufacturers 
(Intel, Rockwell, Varian, attd Bell Communicati(nis Research); (2) local 
industries (Roico, Grcon, Santa Barbara Research Craporation, and Deico); 
and (3) robot manufacturers (GMF, Intelledex, Automatix, Microbot, and 
EHgital Aun>n^(») Control). 

One jnoject tfa^ has alre^ be^ initiated, in 4-ollab(HBd(Mi with Bell 
Comm u nicatiqM Research, is tl» develq>n»nt of a standard way to handle 
long-wavelength semic(mdi»:U}r lasers. SemiconductcM- lasers are expen- 
sive ($200 to $400) because ^ prodiKrtion jield is so low. Hiis |»u^t 
is aimed at designing robots cap^le of inspecting, testing, and handling 
diese fragile devices. In particular, a four-axis, modular micromanipu- 
lating robot with vuion curabilities is being constructed. This is also an 
exanq)Ie of self-supprat achieved via the systems house method of op- 
oation. Bell Communications Research will purchase the system upon 
ccm^letion. 



FACILITIES 

Hie university has leased an Engineering Centers Iniilding at the edge 
of ^ncpis. TTic Center for Rt^tic Systems in Microel^nrraiics will oc- 
cupy 14,000 square feet of this sp»». A raajtM- new ^uisition of the 
Colter is a 1 ,400-8quare-foot class 100 clean-room, which has just been 
purchased by the university a»'.d will be installed by mid-June. These 
facilities greatly enhance the Center's chances of success. A further 4,000 
square f^t of space in the newly constructed engin^ring building on 
campus will also be allocated to the Center, for undergraduate teaching. 

The university has allocated approximately $1 million for initial equip- 
ment iMirchases, and has also allocated ^veral ffKiulty positions to the 
Center. 



EDUCATION 

The Center is stimulating the teaching of new courses in subjects rel- 
evant fo robotic systems in microelectronics. Both undei^raduate and 
gradu^ courses are offered. The research program will involve ^prox- 
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imateiy 10 peix^ of all engir^ering gmiuate studeots at UCSB. Mul- 
tkliscipUnary engineoing n^thods are assimilated by example, thnmgh 
participaticm in die imivnsity-indu^ joint piojects. 11» Cent^ will stress 
und^gradu^ ediuration. It has already est^lished a oi^year, semm- 
level complete cinriculum for rotx^ systems specialization. Ute Catt&: 
provides fiuKls toi^y unctergradimt^ as technicians in the implementation 
stagra of im)^cts. It will bIso make extensive use of vi<te<^^>ed instruction 
to illustrate robc^c systems implementations on the factoiy floor. In 
dition, the Center is open to numbers of industry to continue their ^u* 
c^on, and invites the participati<Hi of od^ sc1kx31s in dte san^ geogrqriiical 
area. 
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R. BYRON PIPES 



The College of Engineering of the University of I^laware, in association 
with Rutgers University and with funding by the National Science Foun- 
dattra, will develop a Center for Composites Manuf^turing Science and 
Engineering. This Center is intended to provide cross-disciplinary engi- 
n^ing re^arch and traming to supped national needs in the commercial 
aircraft and aerosj^ce industries, ti^ giouml transportaticHi industry, the 
electronics industry, and other consun^ products industries. 

The initial impetus for a national emphasis on composite materials came 
from die need for i^w materials to meet the extreme and exacting re- 
quircments of the aerospace programs of the 1960s. The demands on 
materials in diese applicaticms were so diverse and severe that no single 
existing material could satisfy the requirements. The development of new 
stiff, strong, and lightweight materials systems, consisting of high-per- 
formance fibers unified by advanced binders, played a key role in the 
success of the space program as well as in the development of new military 
systems. Today, while such materials continue to im{K)rtant in space 
and military applications, they are also being required to play much broader 
technological and economic roles with regard to national needs in the 
commercial sector. 

OVERVIEW: THE CENTER^S GOALS AND CAPABILITIES 

Hie new Center intends to provide a cross-disciplinary approach to the 
ciMiduct of engineering research and to the development of engineering 
graduates at die bachelor, master, and doctoral levels. As a partnership 
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among university, government, and industry, the primary goal of the new 
Center will be to ^elerate technological advancement through discipline 
syt^rgism, scholarship, sustained basic research, graduate and under- 
graduate education, unique facilities, faculty excellence, t^hnical ex- 
change, and documentation of the evolving t^hnology. The primary roles 
of t}^ university center will be in tite ctevel<^ment of new knowli^ge and 
the transmittal or transferal of knowl^ge and t^hnology. Since univer- 
sities are not self-sufficient in the evolution of technology, the active 
participation of industry is imperative. 

The University of Delaware has been a pioneer in the development of 
Uie center coiKept. The Center for Composite Materials, founded in 1974, 
was the precursor of the i^w Engineering Research Center (ERC). In 
addition, a Center for Catalytic Science and Technology was founded in 
1978 and has developed a strong national program in catalysis research, 
supported by the National Science Fcnindation and the petrochemical in- 
dustry. 

The facilities developed under ERC spc»isorship are maintained for the 
joint use of all faculty and students involved in Center projects* A profes- 
sional staff is provided for maintenance of research f^ilities and tools. 
The Center provides services not typically accessible to students and most 
faculty, such as graphics services, a research professional staff, technician 
services, enhanced clerical service, and access to unique facilities. 

OVERVIEW; THE RESEARCH PROGRAM 

The research program of the Center for Composites Manufacturing 
^ience and Engin^ring will focus on fundamental engii^ring research 
fMioblems that represent the primary barriers to the growth of this important 
new high-technology industry. Five primary research programs miake up 
the Center (1) Manuf^turing and Processing Science; (2) M«:hanics and 
Design Science; (3) Computation, Softw^, and Infom ation Transfer; 
(4) Materials Design; and (5) Materials Durability. Hie interaction between 
design and manufacturing science in com{K)sitc materials requires the 
careful integration of the first two programs, while the remaining three 
programs wilt form the cross^disciplinary foundation of the Center. Tlie 
affiliate program of Rutgers University will allow for extension of the 
research to encompass ceramic matrix composites, in addition to polymeric 
and metallic systems. 
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Manitfacturing and Processing Science 

Contenqx>rary manuf%:turing proc^ses all share one char^teristtc: grs^r 
control of material microstructure brings higher manufacturing costs. Yet 
it is thrragh the careful control of material microstructure that the greatest 
improven^nts in material properties can be obtained. Significant oppor- 
timities for composite materials lie with the developn^nt of automated 
manufk^iring methods wteieby control of microstructme can be thieved. 
Hius, the primary d>jective of the Manufacturing and Processing Science 
r^earch i»x>gram is to develop the fundan^ntal engii^ering and science 
basis to support the development of manufacturing methods for composite 
materials. 

Particular emphasis will be given to development of active control of 
materia] microstnicture and properties. Tliree primary areas of focus will 
be manuf^turing process studies, quality assuramre and nondestructive 
evaluation, and fundamental prcxress variables. Net sha{^ forming pro- 
c^s^ to be studied include: robc^c fiber placement, laminate sheet form- 
ing, inj^on and compression molding, textile forms, powder processing, 
pultrusicH), and re^on injection molding. Quality assurance and non- 
(^tructive evaluation studies will focus on the simultaneous monitoring 
of in situ material properties and defects utilizing sensing techniques that 
include optical, piezoelectric, and radiation sources and sensors. A robotic 
work station will be developed for comfMiter-aided interrogation of com- 
plex geometric forms. Tomographic, holographic , and advanced ultrasonic 
techniques will be utilized in this program. Fundamental pnxress- variable 
studies will examine the riieological properties and processes of composite 
materials. In addition, the development of material microstructure will be 
examined thmugh such studies as the measurement of crystallite dimen- 
sions in semicrystalline polymers and cross-link density in thermosetting 
polymers. 

Mechanics and Design Science 

The Mechanics and Design Science program will develop mechanics 
models for several emerging composite material forms of interest, and 
will integrate the models into a computer-aided design methodology. The 
material forms will include: textile structural composites, ceramic matrix 
composites, flexible (elastomeric) composites, and hybrid composites. For 
each form, constitutive relations will be derived and the failure process 
modeled. Computer-aided design science research involves the integration 
of not only materials models, but also processing and manufacturing sci- 
ence models* In this way the computer-aided design research will permit 
the simultaneous design of material microstructure and external geotie- 
tries. 
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Computation, Software, and Information Transfer 

The availability of high-sp^, large-capacity computers has changed 
many of the traditional ap):Hx>aches in engineering educaticm and practice. 
The heuristic methods of the past have given way to numerical simulation, 
which permits tl^ solution of field equations that describe the complex, 
coupled phenomena involved in manufacturing, processing, and design 
of composite materials. To advance this procesr-, the Computation, Soft* 
ware, and Information Transfer program will develop computational mod- 
els for the prediction of material behavior, and will provide for transfer 
of t«:hnology to industry by means of computers. Accordingly, this pro- 
gram emphasizes research on computational analysis, materials modeling, 
advanced computer graphics, ccinputer-aided design, and materials data 
base. 



Materials Design 

The aim of the Materials [>esign program is to generate concepts and 
methodologies that link materials processing to performance. This end 
will be accomplished through coordinated research efforts directed at re- 
lating process'induced variations in a hierarchy of structures to material 
behavior. The structural-hierarchy approach offers the potential of con- 
necting molecular structure to macroscopic t^havior through the coupling 
of the behavior of key structural elements assixiated with differing scales 
of interaction. At the macrocomposite scale the arrangement of reinforcing 
elements is considered. The focus at the microsystems hcalc will take into 
account inhomogeneities in the internal structure of the reinforcing agents 
and matrix, as well as the possibility of a perturbed interphase region near 
the surface of the reinforcing element. The development of explicit mo- 
lecular theories to describe the properties of orders regions of crystallitic 
materials will be considered in the molecular systems research effort. 



Materials Durability 

The Materials Durability program is directed at the rational design of 
composite material to prevent prematurc failure. Primary thrusts of the 
research are, first « t ) define microscopic failure detail experimentally and 
thus produce microscopic failure models; and second, to develop quan- 
titative computer models relating microscopic detail to macroscopic fail- 
ure. The two primary material forms considered are continuous and 
discontinuous fibers embedded in homogeneous matrices. Phenomena in- 
vestigated will include those /»ss(Kiated with the actions of the environ- 
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menu m^hanical stress, ei^thcal stress, and foreign body contact. These 
incliKk rupture, creep, wear, fatigue, and dimensional instability. Qiar- 
acterization of the initial and degraded states of the material, using the 
advance tools of electron microscopy, infrared spectroscopy, nuclear 
m^etic resonance, dynamic mechanical spectroscopy, local chemical 
n^asurement (ESCA,* Auger, or x-ray fliwr^scence), and x-ray or light 
scattering, will permit proper model ctevelopment. 

Ceramics Research at Rutgers University 

Hie Affiliate University program involves faculty and students of the 
Ceramics Depaitn^nt of Rutgers University in studies to enhance tough- 
ness of ceramic materials through fiber reinforcen^nt and to develop 
n^thods for injection molding of ceramic preforms from powder starting 
materials* The l^nefits to the two universities will be substantial in that 
tiie University of Delaware expertise in composite materials will be com- 
bing with that of Rutgers University in ceramics; thus, the overall program 
will be expanded to add the impOTtant class of ceramics to those of poly- 
mers and metals. 

ACADEMIC PROGRAM 

Embedded in the educational program of the College of Engineering, 
the new Center will involve undergraduate students, beginning in the 
so|^omore year, in participation as undergraduate re^arch assistants. In 
1985 a total of 30 undeip^aduate students will be employed to assist 
graduate students, faculty, and/or research professionals for 10 hours per 
w^k each. In the summer after the sophomore year students are to be 
engaged full time at the Center, while in the summer after the junior year 
they are to be placed in an industrial or federal lalK>ratory to gain practical 
research experience. Senior students normally elect to conduct an inde- 
pendent research effort under faculty guidance. Considering the special 
opportunities it represents, this program for imdergraduates is directed 
toward the academically accomplished student, and provides a vehicle for 
recruitment to graduate programs. 

The fc^al point for involven^nt of students in the Center for Comp4»sites 
Manufacturing Science and Engineering will be as graduate research as- 
sistants. In 1985 a total of 33 graduate students throughout the College 
of Engineering will be supported by Center funds, and by 1990 a total of 
50 graduate research assistants will be active in Center programs. As 
(kgree candidates in the curriculum departments of Chemical Engineering, 
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Civil Engineering, Electrical Engineering, Materials Sciemre and Metal- 
lurgy, and M^hanical and Aerospace Engimering, the students will re- 
ceive specialization thiDugh cross-discii^inary research {mjects ai^ thrcni^ 
specialized course work. Re^arch projects will culminate in theses and 
dissertations, as well as research jm^ress reports. 

Primary objectives of the educational program will be the developn^nt 
of Ph.D. degree-holders to carry out industrial and federal research and 
to set up similar academic {m)grams at other universities, along with M.S.- 
ai^ B.S. -level gr^uates to carry out engineering |H^ti(^ in die emeipng 
compmites industry. The interdisciplinary awareness of tlu^ graduates 
should be a key factor in their success in each of these eiKleavors. Fimdly, 
the educational program will provicte for the continuing ^ucation of both 
enginwring practitioners and young entrants to the field from other profes- 
sions through short courses and specially prepared text materials. 



INDUSTRIAL INTERACTION 

Industrial participation in the Center for Composites Manufacturing 
Science and Engineering will have a pervasive influence upon the program. 
It will take many forms: direct financial support for facility development, 
financial su|^rt of consortia (»x>grams, fmancial support of individual 
research projects, participation in adviswy boards, and exchange of f«r- 
sonnet through industrial internships. 

FinaiKial support through a joint University/Industry Research Prc^ram 
known as ^'Application of Compt>sitc Materials to Industrial Products'' 
will provide approximately $1 million per year. Industrial funds will also 
be provided for the purchase of f^ilities for a Composites Manufacturing 
Science Latoratory (CMSL); the initial investment will be approximately 
$1 million, to be provided during the first two program years. Ten blue- 
chip companies are participating in this way. Exchange of personnel will 
be extensive. The residence of industrial personnel within the Center for 
periods of 6 to 18 months to conduct joint, open research with Center 
personnel will provide an important mechanism for interaction with the 
Center. In addition, a Visiting Scholar Program will provide for the place- 
ment of university faculty or research professionals in industtial or federal 
laboratorie.^. It is anticipated that, in all, 30 to 40 indusOial organizations 
will interact with the Center in various ways through the University/ 
Industry Research ft-ogram. 

Three mech»*nisms are provided for industrial review of Center pro- 
grams. They are an Industrial Advisory Board, a Manufacturing Science 
Advisor)' Board, and a Science Advisory Board. Membership in the In- 
dustrial Advisory Board will be open to industrial organizations who join 
the University/Industry Research Program described above. This board 
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will be comjHis^ of seven subcommittees: research, technology transfer, 
CMnpiiter software, stuctent honors, patent policy, long-range planning, 
ami f^ilities. Vehicles for the transfer of tKhnology to the industrial 
sector inclu(te the ]:^x)duction of a compc^ites design encyclopedia, annual 
w(Hiesho(^, an annual research symposium, computer software, site visits, 
and industrial intemihips. 

FUTURE DEVELOPMENT PLANS 

To suppc»t the develojim^nt of tJ^ new Center, the University of Del- 
aware will establish thsee i^w tenure-track faculty positions in the College 
of Engineering. Suj^xnt for the new faculty positicHis will be borne by 
Center during the life of the iHt>gram: the university will take fmancial 
responsibility upon program completion. 

Tlit Center for Composites Manufacturing Science and Engineering 
will ex!>end approximately $4 million from 1985 to j 9% in the devel- 
opment of facilities to su|^x>rt the research program. The renovation of 
mm than 6,000 square feet in Newaric Hall will provide f ^r new labo- 
ratOTies: a Nondestructive Evaluation aiKl Quality Assurance Laboratory « 
a VAX 1 1-785 ComfMiting F^ility, a Publications Production Laboratory, 
and the first phase of tiie Composites Manufacturing Science Laboratory 
(CMSL). Construction of approximately 13,000 square feet of new space 
will provide for an office and laboratory structure, as well as for completion 
of d^ CMSL. ApjMTOximately $1.5 million will be spent in support of 
equipment for the new laboratories* 
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SUMMARY 

The Engineering Center for Telecomniunicaiions Research was estab 
lished May 1, 1985 at Columbia University by a major grant from the 
National Science Foundation (NSF), 

The focus of the Center's research efforts will be on integrated tele- 
communication networks of the future. Two major thrusts are planned. 
One is cn developing new systems and concepts for these networks, which 
will handle, in an integrated fashion, data, voice, video, and other com- 
munications traffic. Technological advances in very large scale integrated 
(VLSI) circuits, microelectroiiics, and electroi^ical devices will be re- 
quired to achieve the degree of integration we arc proposing. These needed 
advances provide the second, and concurrent, thrust. 

To explore the network aspects of integration, we are implementing a 
highly flexible network test bed called MAGNET, which is capable of 
supporting data, facsimile, voice, and video communications. At the same 
time we arc developing work stations designed to acces^ a network such 
as MAGNET, thus providing an interactive multimedia environment with 
real-time voice and video as well as data and graphics. Our microelec- 
tronics and electrooptical devices group has begun development of some 
novel electrooptical devices. New iaser-t^am microfabrication techniques 
will be used to build these devices. We plan to explore and implement 
new VLSI and multimicroprocessor architecturcr> in order to meet the 
pr(x:essing demands posed by real time voice and video traffic within the 
work stations and network switches. 
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We cxp^t to involve 200 uiKlergraduate and 200 graduate students in 
course work, project work, and research activities a^scKiated with the 
Center. New courses and curricula of a multidisciplinajy nature will 
developed, based on Center activities. Industry will be closely involved: 
appointments will be made to an industrial advisory board; new adjunct 
positions will be created; an industrial visitors progran? will be established; 
and short courses for industry will be developed. 

INTRODtCTION 

The U,S. telecommunications industry is one of the largest in terms of 
gross product; it is also among the world leaders in the development and 
use of high technology. The field has been expanding explosively world- 
wi(te, and it is now at a critical juncture in its evolution because of two 
recent developments with far-reaching significance. First, during the past 
(tecade the marriage of communications and computer technology, to- 
gether with the accelerated pace of breakthroughs in microe}ecm)nics and 
lightwave technology, have produced a proliferation of new devices, sys- 
tems, and services, ushering in what is often termed the ''information 
age." Second, the competitive environment in the U.S, has been changed 
fundamentally by deregulation, by the AT&T divestiture, and by impres- 
sive advances in high technology on the international scene — Japan being 
the outstanding example. 

What have been the consequences of these developments? Until very 
recently the U.S. was the undisputed leader in telecommunications re- 
search, and a few large industrial organizations dominated the s^ene. 
Under those circumstances the output of a small number of industrial and 
university research laboratories was sufficient to maintain that dominance. 
Today the situation is changing rapidly and dramatically. All computer 
manufacturers have entered the telecommunications field very actively, 
adding to the already heavy involvement of the traditional carriers and 
communications manufacturers. The field is now wide open lo competi- 
tion, and non-U.S. manufacturers — from Canada and Japan particularly — 
are making important inroads into U.S. markets. Members of the European 
Common Market — the French and British in particular — have declared 
modem telecommunications to be a top-priority high-technology field. 
They are ahead of the U.S. in a number of areas of telecommunications 
services, and aie also looking for ways to penetrate U.S. markets. German, 
Swedish, and Italian manufacturers are also actively involved. The new 
competitive atmosphere has spawned a wide variety of companies, many 
of them very smalL that are actively engaged in the development of 
telecommunications prcxlucts and services. Finally, in the face of the 
increasing complexity of the field as well as the new opportunities it offers, 
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the large users of telecommunications services (the prime example being 
the fmancial community) have been driven more and more to develop 
their own systems and expertise. The result of these sewral trends is that 
an need has develop^ for the expansion of tei^rommunications 
research in the open atmosphere of the university, for the transfer of the 
results of this research to all industrial organizations — large and small — 
and for the training of a much larger group of specialists to keep pace 
with the proliferating needs of industry. 

How should the university respond to this challenge? An impressive 
array of discipline is involved in the art of telecommunications. For 
example, knowl^ge of ics, acoustics, microelectrwiics, the psycho- 
physics of perception, and the mathematics of signal processing is needed 
for applications siK:h as voice and image processing, recognition, and 
understanding. Queueing theory, combinatorial mathematics, eccmomics, 
and law all contribute to the concef^on of new systems and services* It 
is clear that future advances in the state of the art will r^uire an integrated 
approach demanding the combined efforts of systems engiwers, tlw>re- 
ticians, and specialists in solid-state devices, lightwave twhnology, VLSI 
circuit design, computer hardware and software, and <«her fields yet to 
be identified. Significant investment in laboratory facilities and support 
personnel is also required. (The communicai^ons industry worldwide has 
long recognized the need for this type of investment, as is illusHT^ted by 
die massive efforts in VLSI technolc^y at AT&T Bell Laboratwies and 
at NTT and NEC of Japan.) 

In view of these characteristics of the field, it swms self-evident that 
an effective university organization for telecommunications research must 
be multidisciplinary in nature, with a strong ex|^rimental compcment and 
a close working relationship with industry. Particularly because of the 
experimental aspect of the work, such an organization requires a fairiy 
high level of funding; and in order to insulate it from the exigencies of 
the industrial arena, it should be largely {although not necessarily exclu- 
sively) funded by government. We believe that the Enginwring Center 
for Telecommunications Research, established at Columbia through a ma- 
jor grant of the National Science Foundation, meets these requirements. 

THE RESEARCH PROGRAM 

Overall Research Focus 

The key concept in future telecommunications systems is that of pro- 
viding integrated services for a variety of interconnected users. Future 
telecommunication networks will carry data, voice, graphics, facsimile, 
video, and other types of traffic in such a way that they are * 'transparent** 
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to tte user. New systems and new concepts will be ne^d to make Uiese 
i^twcHics possible. Integration within the network must go hand in hand 
with integration at the user interface. Future user terminals are expected 
to have built into them a real-tin^ voice and video capability, in addition 
to die ability to handle data and graphics. Basic studies of this multimedia 
envuonment are required. Our Center research activities will focus on 
(fe\^]oping i^w concepts in integration within the network and at the user 
interf^. 

Achievenient of the degree of integration we are proposing will require 
technological advances on a numter of frcMits. The high-spe^ data-rate 
requirements ^t by integrating various forms of traffic dictate the use of 
Of^cal transmission. Novel electroc^ical devices will be r^uired, inte- 
grating qptical and electronic imx:essing on the same chip. New laser- 
beam microfabrication techniques will be used to build the^ dev.ces. The 
(TOcessing demands posed by real-time voice and vidro traffic within the 
user terminals and network switches require orders-of-magnitude increases 
in processing fwwer over existing systems. New VLSI and muhimicro 
processor architectures will te required to meet this challenge. 

It is a]^>arent th^ the research activities outlined above are muhidis- 
ciplinary in nature. The research to be carried out ranges from the basic 
I^ysics of materials and processes to the mathematics of systems analysis. 
Although the goals of the research are specific, focusing on integrated 
telecommunication networics of tl^ future, the implicaticms are broad and 
include the exploration of new directions in man/machine communication 
and in auditory and visual perception, as well as new means of organizing 
information services. 

In order to cany out tl^se research activities most effectively the Center 
is organized into four major activity areas: 

• systems and new concepts 

• VLSI circuits and architectures for telecommunications 

• microelectronics and el^trooptical devices 

• analytical studies. 

Eighteen faculty members of the Columbia University Schcx)! of En- 
gineering and Applied Science are participating in Center activities. De- 
partn«nts involved are Electrical Engineering, Computer Science, Industrial 
Engineering and Operations Research ♦ and Applied Physics. Students, 
full-time research staff, and industrial visitors will also panicipate in the 
four ^tivity areas. 

Investigators in the systems and new concepts area will be exploring 
new concepts in integrated network architectures and integrated work 
stations (terminals). Work in both image prwessing and speech compres- 
sion will 'je carried out as part of this integrated services effort. Researchers 



104 



PLANS AND PROGRAMS OF THE EXiSTINC CENTERS 



in the VLSI circuits and architectures area will develop integrate circuits 
for telecommunications as well as new, automated techniques for reducing 
the functional specifications of a telecommunication system component 
to a circuit laywjt on a chip. They will work closely with the systems 
people on implementation of some of the new concepts and systems de- 
veloped, as well as on VLSI architectures for image ai^ voice processing 
for real-time transmission over the integrated networics. 

It is noted above that el^trroptical devices and lightwave twhnology 
will play a key role in re^arch activities focused on integrated netwoilcs 
of the future. The researchers in the microelectronics and electnx){^cal 
devices area will be involved in a number of activities important to this 
aspect of telecommunications. These include studies in lightwave tech- 
nology and laser fabrication technology, the development of microelec- 
tronic devices for high-s]^d signal processing, and the design of new 
optical devices. The analytical studies group will carry out studies fun- 
damental to an understanding of telecommunication networic performance 
and design. Tliese studies are expected to {^vide feedback on and ideas 
for new concepts in integrated networks. A network simulation facility 
will be developed to provide additional support for these activities. 

MAGNET: An Example of Current Research Activity 

In beginning our studies of integrated networks we are implementing 
a highly flexible network test bed called MAGNET. MAGNET is a local 
area network of our own design capable of supporting integrated services 
siKrh as data, facsimile, gn^ics, voice, and video comm mications. Thnxigh 
proper software design it will also emulate, at higher levels, integrated 
networks of various types. Once completed, it can be used to study in- 
tegration of services on local area networks, as well as to provide a test 
ted for trying out new system concepts as they are developed. 

The initial implementation is based on coaxial cable technology. Con- 
currently with the development of MAGNET, the electrooptics group is 
developing the optical components that will enable the netwoiic to be 
switched to fiber optic technology. The fiber optic implementation, con- 
sisting of two fiber optic rings, each operating at 100 inegabits/sec trans- 
mission capacity, will enable wide-bandwidth victeo signals to be transmitted 
over the network, in addition to voice and data. There are plans to have 
12 mxies on the network. These include a powerful minicomputer and 
several intelligent microcomputer work stations. 

To provide a truly integrated network — that is, one that integrates data, 
voice, and video from the point of origin through the network to the 
destination— integrated work stations must be available. Commercial work 
stations available to us in our laboratory do not have this capability. Work 
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is therefore proceeding on iK>vei sp^ch compression and image processing 
algorithms to enable work staticMis to handle reai*time voice and video. 
Integration of real-time video services, in particular, is a formidable task. 
Th^ studies will enable us to explore, widi much better understanding, 
tfie requirements for integrated ami multimedia work stations of the future. 
They should lead to the novel VLSI and multimicrc^rocessor concepts 
lequir^ to fully implement the integrated services environment that the 
future will bring. 

EDUCATIONAL/INDUSTRIAL PROGRAMS 

Along with these research activities focusing on new concepts for in- 
tegrate tel^ommunication networks and the technology required to sup- 
port them, the Center will also be pursuing a variety of related educational 
^vities. Stu(tent project work at toth the undergraduate and graduate 
level will be expanded considerably through the facilities of the Center. 
Full-time research staff, fund^ through the Center, will work jointly with 
faculty on a multidisciplinary basis to guide students in the conduct of 
Injects and formal doctwal research studies. New courses and seminars 
in telecommunications and selected areas will be developed. We also plan 
to (kvek^ new curricula in tte telecommunications area. Involvement of 
faculty, students, ami researchers from the Columbia University School 
of Businesses im>gram tel»:mnmunicatkHis policy, frcHn the Law School, 
tte Sc1kx)1 of International Affairs, and the School of Journalism should 
lead to particularly exciting new programs on telecommunications tech- 
nology and policy. 

We estimate that at least 200 undergraduates and an equal number of 
graduate students from the School of Engineering and Applied Science 
will be involved in a broad spectmm of research and educational activities 
once the Center is fully operational. Additional students will he drawn 
from the other schools noted above. 

Industrial involvement with both research and educational activities will 
be teavily stressed. We are particularly fortunate in our location. Many 
of the major industrial telecommunications and related research labora- 
tones are in close proximity to Columbia. These include, among others, 
Bell Laboratories, Bell Communications Research, IBM, RCA, ITT, and 
Philips Laboratories. Some 1,700 electronks companies, employing 50,000 
engin^rs, are legated within 50 miles of our campus. Already numbered 
among the industrial affiliates of our Center are Bell Communications 
Research, GTE Laboratories, Philips Latoralories. and Timeplex Corp. 
AT&T and IBM have provided us with major gifts. For a number of years 
we have had a close working relationship, through an NSF university- 
industry cooperative research grant, with a group at IBM Research (York- 
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town Heights). Close relationships have also been establisted with Bell 
Laboratories, IBM East FishkiU, Codex (a division of Motorola), and a 
number of other a»npanies. We plan to expaiKl these relationships and 
seek added financial support from ttese and otl^ industrial c^anizaUcms. 

Apart from nearness to telecommunications manufacturing, common 
carrier, and research <M^anizations, our locaticm in the teart of New YotIc 
City al^ puts us in clcse proximity to the largest financial (immunity in 
die world. These banks and financial institutions are, collectively, amcmg 
the worid*s largest users of telecommunications. Merrill Lynch and Ci- 
ticorp have already i»ovided us with financial support for our activities. 
V/e hq)e to have increased $u|^rt from these scHin^ in tiie future. 

What means can we use to ensure close cooperati<»i with industry? Over 
the past few years our weekly seminar ^ri^ on «>mi»iter communications 
networks has regularly attracted speakers and many participants from 
industry, in additi(»i to our own faculty and stuttents. This series will be 
expwded to en(x>m{ms the metre multidisciplinary nature of Center ac- 
tivities. We plan to have workshq>s on a regular basis that are ^red to 
industrial larticipation. CHu- graduate courses have always been well at- 
tend^ by rmrt-tin» stwlents from nearby industry. Tlw iww courts and 
curricula should gei^rate even mcwne interest. 

We are currently organizing an adjunct and industrial visitors Ingram 
through which outetanding engineers and scientists from indusuy will 
participate in our research and teaching activities on a regular basis. One 
possibility, which has been viewed with favor, is to have a weekly gi«l- 
uate-credit seminar with a limited number of indents, run jointly by an 
industrial visitor and a faculty member. A number of such seminars would 
be OTganized each semester, they would be expected to develop into co- 
q>erative research activities. We also plan to (kvelop short courses fcM- 
industry in order to provide practicing engineers with continuing education 
in this rapidly develqjing field. 

Finally, an Industrial Advisory Board made up of executives from a 
number of leading corpwations is being set up. We plan to include on 
the b<Mrd a number of government research leaders and rejHesentatives 
of other universities. This board will be expected to provide advice and 
suggestions as to research direction, industrial involvenwnt, and educa- 
tional Mtivities. It will also participate in the annual technical review of 
Center activities by attending research overviews, and by providing nan^s 
of outstanding engineers and scientists to serve as peer reviewers of annual 
proposals for research support prepared by Center researchers. 



er|c 3 J 3 




Biotechnology Process 
Engineering Center 



DANIEL L C. WANG 



INTRODUCTION 

Fimdmi^ntal discoveries in tt^ bidogical sciem^s durijig past 10 
years have been truly monumental. Hiraugh advances in mol^ular biology 
man's ability to maniiHilate biological activities and properties in both 
{st^aryotic and eukaryotic c^anisms has created a new engin^ng field 
tem^ '^biotechnology.'* Hiis t^hnology has enabled us to explore the 
p^jtential imp^:ts of biological systems ^rross a range of aj^lications, 
including human aiKl animal healdi, agriculture, cl^micals, food, energy, 
and environn^t. It has been fwecast that by the year 2(XK) TOmmercial 
biotechiK>logy maikets could reuh $40 to $200 billion dollars. 

It is important to mxe that lew and fimdamental discoveries in mol^ular 
Wotogy aie emerging on a day-to-day basis. Many of the^ discoveries 
povide tte enabling technology for new and important commercial prod- 
ucts; yet develqnnent of the necessary engineering t^hnology has pro* 
gnessed slowly* To ovocome tfiis barrio- to ^ntx^ess asKl {mxhict development, 
engineering research and training must ao^leratad at a mte commen- 
surate with progress in the life sciences. 

It is the intention of the Biotechnology Process Engineering Center at 
Massachusetts Institute of Technology (MIT) to establish well-targeted 
efforts to ^vance the research and the training of engii^rs needed to 
«)lve the prrfjlems associated with utilization of biotechnology. There is 
no doubt that biotechnology will become a major manufacturing industry 
in the very near future. There is, therefore, an urgent nmi to develop 
technological concepts to implement this industry, TTiere will also be a 
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need for people to lead and maintain the international competitiveness of 
this new industry. 

It will be an infant industry, ideally suit^ for creativity and innovation* 
However, one should recognize that biotechnology will require bcHh bn^d 
and cross-disciplinary tiuining. Therefore, it is our goal to train a new 
[xt&i of professionals through creative interdisciplinary education and 
research. These professionals will possess the necessary tools, from the 
molecular sciences as well as from engineering, co be at the crosscutting 
frontier of the new technology. We also plan to implement our educational 
and research programs through synergistic and im^inative cross-disci- 
plinary interactions. It is imperative that our programs maintain an active 
interface with the industrial sectors. 

Thr^ MIT departments, and a total of 16 faculty members, are re^y 
to make this major commitment to the Center's education and research 
programs. The three departments are: (1) Department of Chemical En- 
gineering (11 faculty memters); (2) Department of Biology (3 faculty 
riembers); and (3) Department of Applied Biological Sciences (2 faculty 
members). 

The selection of these departments to participate in the proposed Bio- 
technology Process Engineering Center was appropriate for a number oi 
reasons. Fir!it, the faculty and departments already have in place coherent 
educational and research programs directed toward biotechnology. Fur- 
thermore, the faculty, as well as the MIT administration, are committed 
to the development of biotechnology. Research interests of the faculty 
members participating in this Center are already addressing critical issues 
in biotechnology. We believe that the 16 faculty memoers represent the 
critical mass needed to enable us to execute and implement the programs 
of the Center. It should be said, however, that we believe opportunities 
will exist for the future expansion of the Center's activities. There are 
individual faculty members in other departments, such as Chemistry, Ma- 
terials Sciences and Engineering, Mechanical Engineering, and the Sloan 
School of Business Management, who have ali^ady expressed an interest 
in participating in the Center*s activities at some point in the future. 
Collaborations with other universities and institutes are also envisioned. 

STRUCTURE, MANAGEMENT, AND PLANNING OF THE CENTER 

The overall structure of the Biotechnology Process Engineering Center 
is shown in Figure 1. The director of the Center will report directly to 
the dean of engineering. There are four formal committees and programs 
associated with the Center. These are the Policy Committee, the Operating 
Committee, the Industrial Advisory Board, and the Industrial Biotech- 
nology Liaison PR)gram, To assist the daily operation of the Center, the 
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FIGURE 1 Management plan for Mil s Bioiechnti^ v fttKess Hnginc^ring Center. 



director will have an associate director, and there will be an administrative 
staff to coordinate the Center's overall activities. 

The functions of the different committees should be explained. The 
Pblicy Committee consists of the dean of the School of Engineering and 
the dean of the School of Science, along with the three department heads 
(Chemical Engineering, Biology, and Applied Biological Sciences). The 
director of the Center is also a member. The role of the Policy Committee 
is to ensure the quality and excellence of the Center's activities. In ad- 
dition, this committee will coordinate institutewide policies for biotech- 
nology in the present, as well as for the future. This committee will also 
be responsible for the consolidation and allocation of latoratory space 
needed for the cross-disciplinary progmms within the Center, Since par- 
ticipants in the Center programs cut across both departments and schools, 
the Policy Committee is an excelleni position to formulate optimal 
policies for joint appointments t^tweeu departments and schcx)ls. Lastly, 
the Policy Committee will act as an interface with industry with respect 
to future cooperative programs and future gift programs in support of the 
Center's activities. 

To assist in the Center's overall operations and activities an 0|xrating 
Committee has been formed. The members of this committee will serve 
on a two-year rotational basis. Membe consist of the director of the 
Center as chairman, three participating faculty meml^rs from the De- 
partment of Chemical Engineering, and one member each from the de- 
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paitments of Biology and Applied Biological Sciences. Hiree members 
from imiustry will also serve on this committee. The role of the Operating 
Committee is to ensure the ^hnical excellence of the programs within 
the Center. This committee will set priorities for and coordinate hoih t}^ 
educational and research activities of the Center. Prioritization could tal;s 
the form of peer review of existing and future research programs both 
within the university and with industry. The multidisciplinary background 
of Oper^ing Committee members ensures that they are well qualified to 
identify future needs such as new courses, textboc^, fiKulty, ami scientific 
dir^tions. Hiis committee will also ^t as the formal link between tte 
Biotechnology Process Engii»ering Center and the industrial sector, as 
represented in the adviscny and liaison programs. Lastly, this committee 
will be responsible for relations and interactions with MIT's inteixlisci- 
plinary Biot^hnology Ptogram, as well as for tte snident and industrial 
intern activities of the Center. 

To ensure meaningful collaboration and cooperaticHi with the industrial 
sector, an Industrial Advisory Board has been formed. Members of this 
board will be senior managers from industry, including the chemical, 
pharm^utical, and biotechnology industries. 11^ role of the Industrial 
Advisory Board is to address tte {Miessing ne^s of industry with respect 
to ^ucation and research in (M^r to enhance ami ensure our intemati<^ 
competitiveness. The Industrial Advisory Board will serve two functions: 
to advise on the present and future activities of the Center relative to 
industrial needs, and to act as a catalyst for collatK)rati<»i between the 
activities of the Center and the industrial ^tor at large. Lastly, the board 
will facilitate ti^ identification of t^hnical personnel for liaison between 
Mn* and various private compani^. 

To instill a more formal industrial collaboration there will be an In- 
dustrial Biotechnology Liaison Program. This program will have a broad 
industrial interface, with no fixed number of companies or participants. 
The purpose of the program will be to provide technical liaison between 
this Center and industry in the areas of education and research. This 
program will be coordinated carefully through the administrative office 
of the Center. Members of the Industrial Liaison Program will identify 
the mutual interests as well as the mutual collatorative opportunities of 
the Center and industry. Furthermore, through this program the sharing 
of facilities and exchange of personnel can be implemented. It should 
noted tl.at this program is to be quite broad in scope and not limited to 
any one sector of industry. For example, we have identified chemical, 
pharmaceutical, biotechnology, foixl, process engineering, instrumenta- 
tion, and equipment companies as representing the types of industry with 
which the Center would like to interact through its Industrial Liaison 
Program. 
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EDUCATIONAL COMPONENTS 

Undergraduate Programs 

An overview of the educational programs associated with this Center 
ts shown in Figure 2. A strong educational program will be vital to the 
success of the Biotechnology Process Engineering Center. It is our t^lief 
that entering freshmen must be made aware of potential opportunities in 
the exploding biotechnology industry. This will be achiev^ through fac- 
ulty counseling and special seminars in biot^hnoiogy directed at the 
freshman level. 

V^e plan to have the Department of Chemical Enginwring play an 
important role in undeip%!uate education asscKriated with the Center. We 
will not initiate or develop a new degree program, t^ause we ^^lieve 
that a strong chemical engineering base is ideal for subsequent education 
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in biotechnology. To instill the needed interdisciplinary perspectives, we 
envision the use of liberal elective course policies whereby existing bio- 
technology subj^ts at MIT can be incoipcM^ted into the, undergraduate 
study programs. Faculty panicipation will play a vital role in counseling 
and advising undergraduates as to choices regarding graduate studies and 
industrial opportunities in biotechnology. 

Undergraduate research at MIT is an integral part of the overall olu- 
cational program. MIT has 15 years of experience with a unique Under- 
graduate Research Opportunities Program (UROP). The institute's UROP 
office will allow this Center to easily reach the entire undergraduate com- 
munity. The Center will thus be in an ideal position to offer the under- 
graduate a wide variety of opportunities to perform research with an 
interdisciplinary flavor. 

Graduate Programs 

The graduate educational program associated with this Center will be 
fulfilled in a number of ways. The Department of Chemical Engineering 
will have one of the major roles in graduate education. However, rather 
than initiating a new degree program in chemical engineering, we will 
first focus on the necessary core subjects in chemical engineering fun- 
damentals. To complement the graduate education associated with the 
Center, existing electives in biotechrology are ideally suited. At the pres- 
ent time the readily identifiable biotechnology electives include 7 graduate 
ct)urses in chemical engineering, 6 in biology, 4 in applied biological 
sciences, and 2 in chemistry. We plan, in the future, to introduce new 
courses especially addressing advanced principles in biotechnology pro- 
cess engineering, to be presented either singly or jointly with cross-dis- 
ciplinary relevancy. 

In the Ctepartment of Applied Biological Sciences, active M.S. and 
Ph.D. degree programs in biochemical engineering have teen in existence 
for more than 20 years. The education of candidates in these programs is 
designed to incorporate intenlisciplinary skills through courses from the 
depaiiments of Applied Biological Sciences, Chemical Engineering, and 
Biology. The doctoral qualifying and written examinations are prepared 
by members of all three departments. Doctoral Examination Committee 
members are usually from more than two departments so as to ensure the 
cross-disciplinary nature of candidates' research. We envision even more 
inierdepanmental interactions in the future arising from the activities of 
the new Center, 

The MIT Interdepartmental Biotechnology Program (IBP) is currently 
in the initial stages of planning and implementation. However, the for- 
mation of the new Center will accelerate the implementation of this pro- 
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gram. In 1983 the concept of the IBP was developed to provide, at the 
(toctoral leveU educational skills that cross disciplinary boundaries. Thus, 
die liaison with the Center will strengthen graduate education and research 
in both ^tivities. 

Postdoctoral and Industrial Programs 

I^tdoctoral training in engineering has not been as common as it has 
in the sciences. The emergence of bicrtechnology has begun to change that 
situation. Recent years have ^n an increased interest on the part of 
engif^rs in furthering their education in biological fundamentals, and in 
integrating this knowledge with engineering principles. The proposed Cen- 
ter will play a vital role in coordinating postdoctoral education and training 
of industrial personnel in biotechnology. This can be achieved in a number 
of ways. First, the Visiting Scientists and Engineers Program j^rmits 
industrial and academic personnel to train and study for short or extended 
periods of time. However, these visiting scientists and engineers are gen- 
erally not enrolled in the formal degree program. 

A second and more formal education and ^raining program offered to 
industry is through MIT's special summer courses. At MIT, the Office 
of Summer Sessions offers more than 50 programs per year. Many of the 
Center*s faculty teach these courses, and several of the offered courses 
are ahe^y witiiin the scope of the Biotechnology Process Engineering 
Center. They include, for example, a special summer course (now in its 
twenty-fifth year) entitled ''Fermentation Technology." Several other 
courses, such as ''Biotechnology: Microbial Principles for Fuels and 
Chemicals ami Ingredients'' aiKl "CcHitrolied Drug Release and Deliv- 
ery/' are also offered to the industrial sector as formal training through 
this sp^ial summer program. In the future we are prepared to offer ad- 
ditional courses relevant to biotechnology as special summer courses. 
Furthermore, we plan to incorporate labcMBtory techniques in these sf^cial 
training programs for industrial {^rsonnel. We also envision special lecture 
series to be presented at industrial sites — often a practical approach for 
companies, as more of their personnel are able to participate. Special focal 
topics and seminars will also be presented at MIT for attendees from the 
industrial sector. These seminars, presented by participants of this Center 
as well as other MIT faculty, will also provide the ideal forum for infor- 
mation dissemination and technology exchange. 

Formal industrial and/or university internship programs will be estab- 
lished in the future. For example, industrial interns can presently matri- 
culate within a department's degree program at MIT. However, to provide 
flexibility to industry, internships not associated with degree programs 
are also possible. Tliis option is ideally suited for our existing Center for 
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Advanced Engineering Study (CAES). Lastly, having university interns 
at industrial sites could rq)resent a fruitful educational tool for both student 
and faulty members of tl^ institute. All of these programs can be readily 
in^lemented in the futur jnd^ the auspices of the Biotechnology Process 
Engineering Center. 

RESEARCH PROGRAMS 

Overview and Raiionaie 

Discoveries in molecular biology — especially in the development of 
genetic engineering — have ik^ cmly catalyzed interest in bicrtechnology, 
but hi.ve also [mvid^ the scientific basis for a new branch of the bio- 
chemical proc^ industry. Hiis i^w industrial branch, which revolves 
around recombinant DNA technology, is still in its infancy. There are 
many products for the human pharmaceutical and animal healthcare mar- 
kets currently undergoing clinical trials — e.g., the interferons, human and 
bovim growth hornK>nes, and tissue plasminogen activator (TPA). Other 
new therapeutic materials, agricultuml products, and chemical materials 
that will be made through a combination of genetic engineering and bio* 
processing will have major benefits fot mankind, ami thus represent major 
commexial maricets. When visualizing the^ potential benefits and mar- 
kets, ' *ne has to ask: What are the technical barriers {Heventing comn^r- 
ciali2Ltion? 

Looking further ahead to the s^ond- and tiiird-generation products and 
processes that will evolve from the new biotechnology industry, two im- 
portant gei^ralizations can be m^. The first is that many important 
human therapeutic products are proteins with multiple polype|Hide chains 
that are modifi^ by c^/inplex biological reactions, o^n by the addition 
of complex oligosaccharides. Such modification occurs post-translation- 
ally mi is required for biological activity and stability. The second gen- 
eralization is that many of the desired products hpve low specific activity 
(i.e., effectiveness per unit weight), and as a consequence will be required 
in large volumes at low cost. New principles for cost-effective manufac- 
turing processes are required. 

The problem has several parts. First, most of the current recombinant- 
based processes utilize bacteria as a means for production; not only are 
these processes exj^nsive, but also the bacteria cannot glycosylate or 
otherwise modify the recombinant proteiii. Furthermore, when many an- 
imal proteins are manufactured in bacteria, they are i^t>duced in denatured 
and/or modified form with decreased biological activity. Second, altiwugh 
fermentation or biosynthesis is the enabling technology, a significant frac- 
tion of the manufacturing cost is incurred during product recovery. If we 
are going to be able to economically synthesize the next generation of 
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imxiucts, then new ap^jaches and new technologies must be developed. 
The establishment of the Biotechnology Process Engineering Center will 
create a unique locus for collaborative studies between engineer and 
scientists, focused on breaking new frontiers and developing the fimda- 
n^ntal scientific and enginwring bases for advanced biochemical man- 
ufKturing techiK>I<^it^ 

To achieve these <*jectiv€^ the research inogram in the Center will 
focus on immediately critical issues in bimechnology. The goal of that 
rwcarcb is to explore ftindamental principles related to the manufacturing 
of products from biotechnology. The Centei will not neglect concepts for 
tiK fiimre that may be long-range in nature. We telieve that a cross- 
disciplinary effort is ideal for deriving maxinuJ and synergistic benefits. 
Within this research program four generic ateas will be addressed (see 
Figure 3). They are: 

• genetics and molecular biology for protein synthesis, processing, and 
excreticm in anima' .ells and yeasts 

• ccmcej^s of biweactor design, scale-up, and operation 

• downstream processing for induct isolation and purification 

• biochemical process systems engineering. 

Brief descriptions of each of tl^se rese.uich 'ireas are presented l^low. 

Genetics and Molecular Biology for Protein Synthesis. Processing, and 
Excretion in Animal Cells and Yeast 

The newest and perhaps most interesting class of pharmaceutical com- 
pounds are human proteins. Members of this class range from hormones 
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(such as human growth hormoiws) Mid interferes (such as aljAa, l«ta, 
and gamma) to specific pitKeases (such as tissue plasminogen activator) 
and i»otease inhibitors (such as aljAa 1 -antitrypsin, and monoclonal im- 
munoglobins). There arc prtAably a hundred known human proteins that 
would be routinely ussd in the treatnttnt of patients if available in pure 
form and at a reason^le expense. TTie development of rwombinant DNA 
methodologies has made the isolation of DNA segments encoding these 
I»oleins almost nMJtine. Envelopment of technologies to synthesize active 
proteins, using mammalian cells and yeast engineered by recombinant 
DNA, is the <*jective of this ^gment of die research program. 

A number of important problems now restrict the u» of recombinant 
cultui^ mammalian cells and yeast for industrial pnxJuction of human 
(and animal) proteins. The specific problems to be addressed by the Center 
include: 

• production of specific proteins by animal cells 
-v«:tors for high-level wXpression 

-control of RNA processing and translation 
-active expression in statitHiary cells (bioreactor) 

• modific^ons of recombinant derived prmeins 
-post-translational events to control protein modifications 
-inter- and intrachain disulfide bonds 

-specific cleavages and additions 

• genetic apjwoach controlling protein excretion in yeast 

• fundamental umterstanding of protein misfolding 
-monoclonal antibodies to probe proper folding domain 
-variants with better protein folding ability (downstream processing). 

Concepts in Bioreactor Design, Scale-up, and Operation 

The bioreactor is the hean of the process in which value is added to 
the raw material through biosynthesis or biocatalysis. The bioreactor also 
interfaces with all other aspects of bioprocess development. The produc- 
tivity of cells results from the cell-line develq)ment, and the performance 
of the bioreactor may define new problems to be solved by genetics and 
molecular biology. Similariy, the productivity of the cells and the bio- 
reactor design is reflected in the purity and concentration of the product, 
which determines the difficulty of downstream processing. Lastly, optim- 
ization of bioreactor performance and its integration with separation pro- 
cesses require application of process systems engineering. 

A coordinated and integrated group of research projects will carried 
out. Their selection was based upon a number of considerations. Future 
production of biologicals. especially animal and human proteins, will 
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require the use of eukary(^c (animal) cells. Although protein production 
by aninml cells has been demcmstrated using r^ombinant DNA and hy> 
te'klonia technologies, previous imlustrial exploitaticHi ami tl^ existing 
scientific and t^hnical base are very limited for large-scale culture of 
animal cells as compared to feraientation of prc^aryotes (e.g., bacteria). 
The overall goals of Center research are therefore (1) to develop fiinda* 
n«ntal engiMering principles for large-scale cell culture, including bio- 
rector (tesign, sc^up, and qTcration for animal (^lls and {m^in-secneting 
microorganisms; and (2) to develq> strategies and designs which maxi- 
mize productivity and minimize cost. 

With regard to bio^actor systems for animal cells, the following list 
summarizes the specific research topics that will be investigated: 

• characterization of r^mbinant animal cells 
-I^ysiology, biochemistry 

-cellular aiu] intrinsic kinetics 
-mathematical modeling 

• engineering principles 
-reacticMi engin^ring 
-flu'd dynamics 
-transport phenomena 
-process control and optimization 

• bi(»ieactor design 

-suspension culture with hollow -fiber perfusion 
-mtcrocarriers and micrwncapsulation 
-novel systems: foams, porous matrix. 

Another category of Center research will concern computer control 
strategies for high-density fermentations using pimarily recombinant DNA 
microorganisms (although the same issues will be of concern with animal 
cell bioreactors). Process control of feedbatch fermentations will be ex- 
amined with respect to the effect of control strategy on pixxluctivity and 
product concentration in the bioreactor effluent. Whereas scale-up studies 
in fermentations have traditionally involved simply increasing scale by an 
order of magnitude, new methodologies will examined in which the 
effects of individual variables (e.g., poor mixing, pH, nutrient concen- 
tration, and temperature) are examined with well-characterized, instru- 
menteJ laboratory bioreactors. 

Lastly, the technology for maximizing production of excreted protein 
products by controlled recycling of cells will studied with a computer- 
controlled bioreactor and microfiltration membrane system. This project 
will be integrated with the more detailed studies of microfiltration of cell 
suspensions carried out within the downstream processing research group. 
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Downstream Prwessmg for Product Isolation and Purification 

A prc^lem common to all biochemical pnx:esses, whether ba^ on 
fermentation or cell culture t«:hnology , is the n^ to recover the product. 
In the case of prrtein production, esproially human tt^rapeutic proteins, 
these products must be recovered in a highly purified form, with the 
molecule in its proper thrre-din^nsional configuration. The ne«i for ex- 
tremes in purity, for retention of molecular owifiguration, and for effi- 
ciency in recoveiy and process scale-up are major challenges facing the 
bioprocess engii^r. As described above, the problem of recovery depends 
very much on the type of (^11 and how the bioreactor is designed and 
operated. Thus, the solution to downstream processing problems will omie 
from coIlaborati(»i between biologist and the engineer. A unique aspect 
of the Center's program on downstream processing research is the close 
interaction between biologists and engineers, who must continually ask 
each other Is this problem best solved through a biological or an engi- 
neering approach? 

The research will focus on developing broadly applicable, generic so- 
lutions to problems of protein r^rovery, using a variety of different pro- 
teins. This is necessary because prc^ein recovery is a multifaceted problem 
(sw Figure 4). Close collaboration betw^n biologists and engineers and 
interaction with industry will be increasingly necessary to solve new prob- 
lems today and in the future. Specific areas of Center research in down- 
stream processing are: 

• cross-flow n^ml^^e filtration 

• recovery of insoluble, intracellular proteins 

• kinetic apim>ach to adsorption chromatography 

• affinity escort chromatography 

• high-performance liquid chromatography 

• immunoadsorption chromatography 

• extraction in biphasic aqueous systems 

• protein recovery with reversed micelles 

• integration of downstream processing. 

A common theme throughout this effort on downstream processing is 
process integration. We plan to consider each unit operation available and 
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forroulale models that will be in a complete systems approach to 
biochemical process development. The development of a systems strategy 
will greatly enhance our ability to design and operate the most advanced 
and competitive commercial processes. 

Biochemical Process Systems Engineering 

The proposed research in this area has been designed in such a way as 
to achieve the following objectives: (1) use of the fundamental scientific 
insights developed in the foregoing research efforts to provide systematic 
«Jgiiwering approaches and tools for the analysis, synthesis, evaluation, 
optimization, and control of complete biochemical process flowsheets; 
and (2) identification of the critical phenomena and/or parameters that 
may inhibit the industrial realization of new biochemical processing con- 
cepts. 

The work in this area encompasses three types of research with unified 
diemes. 

Conceiving Novel Biochemical Processes The objective here is to 
guicte the systematic generation and evaluation of alternative biochemical 
pathways for the commercial pnaduction of desired chemicals. The value 
of this work is to be found in the expanded capability of the designer to 
search through the multitude of biochemical pathways in order to identify 
the most promising bioprowssing concepts. These in turn will determine 
the scope of laboratory research and development activities. 

Synthesis and Simulation in the Design of Complete Bioprocessing 
Systems The aim here is to develop systematic procedures for the syn- 
thesis of qjtimum bioreactor configurations, for the synthesis of the best 
^i«nce of separations, and for the integration of bioreactor and sepa- 
ration subsystems in order to yield the ojHimum overall process. Computer- 
aided simulation capabilities will be developed for the analysis and eval- 
uation of given complete processes. Such analysis will identify critical 
(tesign and operational parameters leiKling to process optimization. 

Systematic Approaches to Modeling. Analysis, and Control of Biological 
Processes The two basic objectives here are the development of fun- 
damental insights into the operational characteristics of biological pro- 
c^ses, and the design of optimum controllers for efficient operation of 
such jMocesses. Spwific technical issues to \x covered are new approaches 
to bioiwocess modeling, synthesis of optimum control strategies, and ex- 
perimental investigations. 
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SUMMARY 

These four generic areas of research represent a major commitment of 
intellectual effort to the Biotechnology Process Engineering Center, The 
research and ^ucational [»t)grams, couple with industrial participation, 
slKNild result in continuous leadership for the United States in biotech- 
nology manufacturing. 
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INTRODUCTION 

In considering possibilities for methods of information and technology 
exchange among the Engineering Research Centers (ERCs) I will take as 
my theme the words of a well-known and successful industiy research 
manager, a person whom I was privileged to know: Charles F. Kettering. 
He said, *'When you lock the doors of the iaboratcwry, you keep out more 
than you keep in/* That was a revolutionary view, in comparison to what 
most industry laboratory and research managers of his day believed. 

We n^ to keep tte doors of communication open. The Centers rep- 
resent a lai^ and long-term investment in engineering research and en- 
gineering ^ucation. We want to do all that is necessary to ensure that 
the Centers' activities beMfit U.S. engineering schools and ^rve the 
nmional interest. That means finding effective and efficient ways to get 
research results and innovations in education transferred to users in in- 
dustry and ^ademia. Although this might be obvious, there could be a 
temptation to emjAasize research and to neglect education. By education 
I include the whole spectrum from undergraduate education, and f^rhaps 
even pre-undergi^duate studies, through grac'uate education to continuing 
education. 

OPTIONS FOR INFORMATION EXCHANGE 

It should be emphasized that our plans for establishing additional Centers 
hinge on our ability to maintain a healthy balance between engineering 
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research proj^t supprat, support fcM* Engineering Research Centers, ai^ 
c^r special engii^ring {^ject funding. These ^vities should reinforce 
each other, cmsideration needs to be given to how the exchange of in- 
fonmtion between individuals and the Centers can help ^^mplish this. 
The National Sciem^ Foundation (NSF) has had consi^r^le experience 
with tte funding and oversight of research (inters in diverse fielcb, The^ 
inclucte the National Astronomy Centers, the Materials Re^aich Labo- 
ratories, the SubmicrcH) Re^arch Center, the National Center for Atmos- 
pheric Research, the Regional Instrun^ntation Centers for Chemistry, 
Cooperative Experimental Research (Computer) f^ilities (CERs), and the 
Industry/University Co(^)erative Research Centers. Of these, I believe that 
only the comfniter division's CERs are on a computer networic. The fK»- 
sibility of tying all the ERCs together for exchange of information should 
be considered. 

Center Directors' Meetings 

Our experience with other research center operations has convinced us 
that it is beneficial to center managers and to the NSF to convene periodic 
m^tings of i^nter directors. These are usually held annually, but at the 
beginning of a program holding such meetings twice a year often pmves 
beneficial. Tq>ics for an Enginwring Research Center directors' meeting 
might include: a report of (mgress in implementing the Center; the status 
of industry paiticif^ticm; recruitment plans and discussion of problems 
associated with building research teams; di^urr:ion of education projects 
aimed at both graduate and undergraduate students; and a range of subjects 
dealing with the ^ministration of t)^ Centers. 

Contract admi*^istration, equipment purchase, and maintenance agree- 
ments, which have proven to i^iculariy fruitful areas for collaboration 
among centers because many of the problems in these categories are 
common to most center-type operations, might also be discussed. Hie 
benefits that can be realized from directorship meetings are well estab- 
lished, and we expect that this will also prove to the case with the 
Engineering Research Centers. 

The NSF Role: Cooperator and Facilitator 

The Foundation's role in ERC directors' meetings would be to act as 
a facilitator. That is, we are a coopenitor in this effort, and we want to 
assist the Center management as aj^ropriate. We will, of course, be 
mindful of the adage *Too ma ly cooks can spoil the broth/' 

It should also be emphasized that the NSF is determined not to micro- 
manage the Centers. The planning principle might be stated as *'Give the 
bird room to fly/' Our desire is to create an envirDnment in which NSF 
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is viewed as a constructive cooperator in the effort to achieve the Centers' 
ffmis. This attitiKle will encoura^ exchange of information and l^lp 
ensure success of the Centers, 

We will try to avoid imxredures and requiren^^nts that would cause 
iWHe pq)erwork for the Centers. We want to extend the objectives of the 
P^)erwork Reduction Act to (nir wcm* with the Centere. 

Witii these ^>als in mii^, we are considering the formation of a small 
technical grrop within NSF for each of tt^ Centers* Each gixnip would 
p^odically visit the Center it is to nuMiitor. The group would go to tte 
Center with the dyecti ve of offering constructive suggestions on the tech- 
nical aspects of the research f»t)gram, and helping in the exchange of 
inftmnation. 

Through Ais type of on^ing interaction we expect to accomplish the 
TOcessaiy monitoring without burdening tte Centers with a lot of extra 
data-gathering or reporting requirements. If we do this correctly, the Cen- 
ters will look forward to the arrival of these teams and all parties will 
benefit from the intemction. 

Computer Networking 

In ^Iditicm to management meetings and periodic visits by our technical 
teams, we want to explore the options for computer networking and for 
taking advantage of the availability of supercomputers through the Foun- 
dation's Advanced Scientific Computing program. Through computer net- 
WDiks tfie Centers can benefit from the advantages of electronic mail, 
electronic bulletin boards, exchange of graphic data, aiKl other caj^bilities 
offered by such netwoiics. 

I have been told that five of tte six ERC awardee institutions participate 
in BITNET, which is a netwc«1c of more than 400 university computers, 
link^ via leas^ telephone lines for exchange of information. Membership 
in BITNET is free, but r«w participants are responsible for the cost of 
b(«h a 9,600-haud leased telephone line to a nearby site and two modems 
for that line. Thus, BITNET offers the potential for quickly hooking up 
tlw eight institutions that comprise die six Centers. However, there are 
about 60 computer inform^on networks in qjeration in the United States 
today, with a wide range of capabilities; so the options are not limited. 

TT^ need for a computer network must be completely justified. Ques- 
tions such as the following must be answered: What are the information 
needs of the Centers? Who will use the network? What tyi^s of messages 
will be sent over the system? What criteria would be used for accessing 
the syrtem? Who should be permitted to access the network? Would any 
sj^ial services be offered to companies that contribute funds to the Center 
Of Centers? 
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The Defense Advanced Research Projects Agency (DARPA) operates 
the DARPA NET, which is dedicated to researchers working on all aspects 
of computer science and engin^ring computer i^tworking. NSF ftmds 
tte Computer Science NET, or CS NET. Abcnit 150 ^ademic institut]<ms 
are pmicipants in CS NET. TTiis syi^m has bwn limited to ccmiputer 
scieiK^ and engineering res^u^hers. 

CS NET participante have ^xess to DARPA NET through an arrange- 
n^nt woilcc^d out between NSF and DARPA. These systems are woth 
noting because, under a new NSF-DARPA agreen^t, it is now possible 
for NSF grantees in any field of science or engimering to use DARPA 
NET directly. 11^ criteria f^ accessing CS NET are t^ing reviewed, ami 
we expect that the Centers will be able to take advantage of CS NET 
services soon. 

The National Science FcMindation is also well along with the develop- 
ment of a much mwe ambiticMis plan that calls for the establishment of 
what was referred to as SCDENCENET until recently. Someone has ap- 
parently already register^ that name, so we are searching for another. I 
will refer to the system as NSF NET. 

NSF NET is an ambitious undertaking. In 1983 scientists and engineers 
from diverse fields partici]:^t^ in a woricshop which focused on courses 
of action that might be taken to meet the need for computer and netwoiic 
resources in ac^mic science and engineering research. The woricshq) 
concluded that there was an immedi^e need to make supercomputers more 
available to ac^emic scientists and engineers, and that computer netWOTks 
are necessary to link researchers to large-scale computing resources ami 
to each mher. Efforts to increase the availability and accessibility of 
supercomputers to engineers may be familiar to many. 

I believe that computer netwoilu that provide the user with a wide menu 
of information transfer alternatives, plus access to a supercomputer, can 
dramatically enhance the engineering research and education potential in 
the United States. With a system such as NSF NET the entire United 
States could be viewed as a single region for research purposes. Given 
such a setting, in many situations a research colleague or collaborator is 
only a keyboard away; a research^* can, via the display screen, transmit 
simultaneous copies of graphics or other woric to a number of interested 
researchers and teachers working on a particular topic. The physical lo- 
cation of a research facility is likely to b^ome much less im{K»tant. 
Communicating via a computer network will, I believe, completely rev- 
olutionize our thinking on this point. 

The goal of NSF NET is to provide a standardized network environment 
in which users physically remote from supercomputers or other computing 
resources enjoy levels of service indistinguishable from those of local 
users. The first pha^ of NSF NET is thus to make supercomputers quickly 



CARL W.HALL 



125 



acc^ible to as many users as possible, employing as many existing 
amqniter netwoits as are available. 

11» secoiHi phase will be standardi^ access. This involves standard 
gateways that will allow networks with different architectures to inter- 
(»>nnect, using standard interfaces ami a set of standard ]xtKocols to su]^>ort 
such user ^lic^ns as file transfer, interactive gr^ics, renx^ terminal 
8cce»(, electronic null, and remote job entry. SiK:h a networic would 
prob^y have to employ powerfiii work stadcms at the user's site, awpled 
via NSF NET to supercomputer centers. The potential of NSF NET is 
great, and it will be a key long-term consideration as we explore options 
f<x the Engii^ring Research Centers. 

The Engineering Research Center being established at Columbia Uni- 
versity will be pushing tte state of die art in telecommunications. This 
Center will explore the i^twork aspKts of integration and will implement 
the highly flexible network test bed called MAGNET, described m Dr. 
Schwartz's paper. 

Whatever netwotk is adopted for the Centers should be jwactical, easy 
to use, and relatively inexpensive. The major objective is to build com- 
municaticm links that will contribute to umterstanding and that will sp^ 
the knowledge process along. A major challenge is to harmonize the 
iwtworks. 

If one sp«;ulates a little in this area, it is easy to envision a situation 
in whi<A an investigator i»its a question on the electronic iMilletin board 
arri shortly gets an answer from someone has never met or knew existed. 
In a real sense, such networks can extend our research horizon, improve 
inoductivity in labwatories, and enhance instructional prc^rams across 
Ae land. All six of tfh. awardee instinitions have considerable experien<» 
with information networks. So we are not starting from ground zero in 
this quest for the test information network. 

Other Exchange Mechanisms 

We must not limit our thinking to compute networks as a means of 
information transfer among Centers. Other important mft:hanisms include: 

• Pw)ple transfer. The mo^i effective means of transferring information 
is people — whether Uiey be students, faculty, or industry people. An 
uninhibited flow of peq)le into and out of tte Centers must occur. 

• Technology transfer (as distinguished from information transfer). Ex- 
perimental devices and instruments develq>ed by one Center or its col- 
laborators should be m^ available to (^hers, keqnng in mind inqx)rtance 
of r»x>gnition of the creator, patent rights, etc. The **NIH"— Not Invented 
Here— syndrome must be overcome. 
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• Written transfer (pubUcaticms). The use of newslet^, project sum- 
maries, and electronic and conventional mail can be effective. Tte pos- 
sibility of cte\^q^g new jaimals — p^iifips <m comfHiter disks — cm various 
cross-disciplinary engin^ring subjects should al^ be consider^. 

• Verbal transfer (seminars/symposia wcHlcshq>s). We do not expect 
computer i^twc»ics ever to r^lace these important face-to-face discus- 
sions. 

The networks of exchange probably should not be limited to the estab- 
lished Engineering Research Centers and those to follow. The ERCs should 
be closely connected with other institutions. For example, many engi- 
neering schools do not have extensive research activities, but graduate a 
large proportion of American engineers; for this reason they are sometimes 
referred to as predominantly umiergraduate institutions. Meeting the over- 
all goals of the ERCs with respect to national competitiveness will require 
a favorable woricing relationship of the Centers with some of these insti- 
tutions. Numerous methods of involving industry people, in both research 
and teaching, will be tried. 

Kettering said, in commenting on which fuel was best for the auto- 
mobile, ''Let the engine decide.'' In situations involving other institutions 
and organizations, we should '*Let the Centers decide.'' It is clear that 
we are going to have to use a variety of mechanisms to extend the benefits 
of the Engineering Research Centers to engineering schools across Amer- 
ica. 



BASIC PRINCIPLES 

Where does all this leave us? At this juncture it leaves us with more 
questions than answers. The important thing is that we do not overlook 
any of the important que *^tions as we move ahead. 

1 . What are the information and management coordination needs of 
the Centers? 

2. What types of networks and management coordination mechanisms 
will best meet those needs? 

3. Who will use the networks, and who will participate in the man- 
agement coordinating groups if they are established? 

4. What criteria for access will be used, es|»cially for universities and 
industries that are not participating in the funding of the Centers? 

5. What are the best techniques or mechanisms to use in detennining 
potential users of Center research and educational program insults? 

Emphasis should be given to a point that has occurred to me repeatedly 
as I have considered the matter of information and technology exchange 
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anKMig dw Centers and between the Centers ami tteir participants. It is 
not a new idea. Justice Oliver Wendell Holmes put his f.nger on it a long 
tune ago wlwn he said, "Having science in the attic is fine, ^ long as 
you remember to um common sense in the living rown." The success of 
Ae Centers will depend in large measure cmi the plication of a great 
<feal (rf common sense in tlwir day-to^y operation. All of us — Center 
managen^nt, the NSF, industrial participants, and others who s^k to 
take advantage of the research and educational potential of the Centers- 
must use common ^se unsparingly. 

For example, a prime purpose of the Engineering Research Centers is 
to develop ftindanwntal knowledge that will give U.S. industry an edge 
in the race for tetter and improve technologies. If NSF were to attempt 
to establish safeguajds over the transfer of information to protect U.S. 
interests, there could evolve such a snarl of paperwork that the Centers 
could be rendered ineffective even before tlwy g(H started. We are counting 
on all the participants to use the rule of reason so that U.S. interests are 
»rv«l. To the maximum extent possible, NSF is pledged to avoid issuing 
guidance p^rs and other such directives that could impede and frustrate 
the ERCs instead of helping them to achieve their intended jHirpose. 

CONCLUSION 

It would be interesting to contemplate what Charles Kettering might 
say about the Engineering Research Centers. 

• I know that he would be in favor of university-industry cooperation, 
as he promoted this practice in his own activities. 

• I know that he would be in favor of cross-disciplinary research, as 
Ik received engineering degrees in two different fields. 

• I know that he would favor innovative aj^^roaches, as he did vvhen 
1« went against the conventional wisdom in using a small motor to operate 
the cash register. 

• I know that he would urge people to think — an attitude to be en- 
couraged by the Centers. OiKe when asked to what he attributed his success 
in innovation, he explained it this way: "As a youth, I had trouble with 
my eyes {in fact, he stayed out of scIkwI a while], so I couldn't spend a 
lot of time reading books and papere which said a thing couldn't done. ' * 
Now 1 know that he read and studied a lot. What he was really saying 
was: also THINK and ACT. 

• I know that he would favor involving students in real-life situations. 
He once said, "It's one thing to produce something in the laboratory test 
tubes and another to manufacture it by the ton." 

• I know that he would favor using the experimental approach, as he 
did when he said "Let the engine decide." 
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I believe thM Charles Kettering w(Hild be a strong supporter and sales 
man fm the ERC concept. 

The story is told that at one point Kettering h^ a difficuit time getting 
the producti(m people to accept a fast-diying i^nt which, he knew, would 
greatly ^xelerate the manufacturing of autonK)biles. He took an importani 
vice-president to lum*. **Now/' he said to the vice-president, *Mf you 
ccnild have another color of car, what wcHild you select?'' **Blue,'' came 
the answer* And at a signal the painters painted the V.-P/s car blue. After 
a quidc lunch ttey returned to the car, and there it was — beautiful, blue, 
and dry. Kettering made his sale. 

I h<^ we have **made our sale'' of the Engineering Research Center 
concept. It is an important purchase for the nation to make. 



DISCUSSION 

There was some discussion of the possibilities for networking and data 
exchange with respect to the Centers. Dr. Hall not^ that each Center will 
determine its own networking program, but he would expect each Center 
to involve relevant sectors of industn' in the network. Dr. Pipes com- 
mented that plans for this are already under way in each ERC; he gave 
the example of a '*dial-up" service at the University of Delaware Center, 
which, when in place, will make data of all kinds available to participating 
companies at any time. 
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It is taken as an article of faith that research ensures vital iiy 'jtiu com- 
petence and thereby improves the pedagogical ability of faculty. However, 
this faith is nc^ shared by everyone. There are those who subscrit^ to the 
**Mr. Chips'' school of thought. In their minds, teaching ability is some* 
how separate and independent from the subject at hand, that is to say, ''a 
good tether can teach anything/' In the engineering area this argument 
is further complicated by the dichotomy between '*{M^titioners*' and 
•*8ca<temics/' More than any otter i^fession, engineering must rely for 
its continuing renewal on the 2 percent of its number who fundamentally 
do not practice, except for whatever engii^ring research they may do. 
Especially since World War II, faculty members have increasingly held 
the ni.D., and have been selected for tenure only if they could show 
outstanding research capabilities. There is probably no set of issues that 
can stir more emotion than these at meetings of university trustees. Dis- 
cussions about the relationsh^lp betw^n research and teaching ability or 
the difference between the academic and the practitioner have all the 
elements of an intellectual donnybrook. 

Can we strip away the emotional content of the debate and get to the 
teart of tte matter? Most certainly! To begin with, there is simply too 
much evidence supporting the notion that an engineer or academic who 
does good research makes a superior teacher. Are there good teachers 
who do not do research? Certainly! Are there good re^archers who are 
bad teachers? Certainly! How many good researchers are bad teachers? 
In this day of faculty evaluation by students and tenure procedures that 
evaluate teaching ability, there are not many. More often than not, student 
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evaluations of teaching ability and administrative evaluations of research 
ability point to the sairo j^ple. 

Tte issue of the ac^mic versus the practitioner 13 getting more co^^ 
plex, however, for a number of reasons: 

• IiKrreasingly, pr^titioners must rely on the latest scientific knowledge 
to be competitive. Hiis puts the practitioi^r in the position eitl^ of (k>ing 
engineering r^earch or of being in close touch with researchers. Most 
researchers who communicate with a range of industrial practitioi^rs are 
career academics or governmental employees. Industrial researchers are 
much more constrained. 

• Engii^ring t^rhnology is progressing at a very fast rate, both in 
acacteme and in industry. Thus, to stay well inform^ engineers in industry 
must communicate with SK^ademics and vice versa. (Getting out of date 
is not exclusive to industrial practitioners.) 

• Engineering pr^tioi^rs in gowmment and industry sprcialize along 
many dimensions in addition to that of their |mmary engineering discipline* 
Their jobs will be in such divert areas as appli^ research, inx>duct 
(tevelopment, manufacturing, manufacturing research, manufacturing en- 
gineering, field engineering, engineering or manufacturing (^>erati(His, 
service or maintenance, or a host of other engineering specialti^. Even 
these jobs difTer substantially in t^hnical content (Spending on the given 
industry. This complexity of the engineer's job content n^es relating to 
engineers in faulty positions quite difficult* Engin^rs in government or 
industry truly live in different worlds from ti^ir colleagues cm faculties. 

It should come as no surprise that academe and industry are two very 
different cultures with different values and vastly different |f»iactices. It is 
a matter of some urgency that both groups learn more about e^h other, 
become more knowledgeable regarding each other's problems and depen- 
dencies, and, especially, learn how best to interact so that each can benefit 
from the other's empmhy as well as its technical contribution. 

This is really a very important matter. Academics educate our successors 
and are the primary source of research tnat fuels tt^ engineering engine. 
Practitioners do little research, but do most of the engii^ring work that 
fuels our economy, keeps us domestically and interruUicMially competitive, 
and advices our manufacturing. The enginwr in practice gets results in 
the most scientific manner possible. More often than not, however, project 
success is attained pragmatically, and, being based on insufficient knowl- 
edge, may contain surprises, sometimes of disastrous proportions. Such 
surprises point the way for further research, and so engineering leads to 
research just as research le^s to engineering. 

The problem is to ctevise means that enable the academic researcher 
and the industrial practitioner to complement each other best without either 



ERiC i /' V 



JERRIERA.HADDiD 



having to forsake his own worid or invade the other's. Clearly, the En- 
gineering Research Centers (ERCs) were devised as one solution. How 
will they affect engin^ng research and education? 

THE ERCs' EFFECT ON ACADEMIC RESEARCH AND EDUCATION 

ERCs siK)uld greatly infli^nce ac^emic research. Industry's heavy 
paiticipation sh<nild help communic^e to researchen> the problems of 
execution that stand in imJustry's way. While many of the:;e prc*lems 
would have been communicated to the campus in any event, the ERCs 
will clwly expedite the process and help ensure that the **two culture'' 
synditme does not slow or block tiie transmission. Many industry puzzles 
have stimulated research programs in academe, yielding beneficial results. 
To the degree that the ERCs can contritnite to this |Mxx:ess we will all 
bei^fit. 

Optimistic as we may be abcHit the ERCs, we shcnild not expect them 
to be a cure-all. To begin with, they can only involve a fraction of the 
fiKTulty. Those faulty numbers in fields removed fitjm the focus of an 
ERC will receive only fleeting benefit from the presence of that ERC on 
camfHis. Nonetheless, tl^ values and practices in evidence at the ERC 
will be communicated through faculty club discussions, luncheon con* 
versations, and cocktail party chitchat. 

It is a stated objective of tte ERC program to involve both undergraduate 
ami graduate stmfents in the Centers* work. To tl^ degiee that this is 
<tone, those students will benefit greatly. TTiis is a form of interning. The 
Committee on the Education and Utilization of the Engineer (CEUE) has 
conclude that all engii^ring students should have some form of interning 
sin<» it has such a positive effect on the student's attitude toward the 
university experience (NRC, 1985a). Not only does interning bring in a 
}»wtice component, but it also makes the students see the value of the 
kiK>wledge they gain from their studies. Interning nurtures personal char- 
«:teristics that con^ mainly from experience: positive attitudes, interests, 
values, needs and motives, and affective skills. These skills are listed as 
the most important interning goals — even over t^hnical knowledge — by 
students, gr^uates, faulty, and supervisors. 

It is also an objective of die ERCs that the industry people assigned to 
them provide a two-way connection to industrial activities, moving campus 
research results to industry and industrial nonproprietary results to the 
campus. There is little doubt that ERCs will expedite this two-way com- 
munication. However, we should not lose sight of the fact that the industry 
people assigned will come from companies' applied research sections. 
Generally speaking, these individuals an! quite far removed from the 
marketplace on the one hand and from the prcxluction operation on the 
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Other. In general there has been little difficulty in arranging liaisons be- 
tween campus and ^mlustrial researchers. The problem has been and con- 
tinues to be putting campus researchers in tmich with industrial jrofessionals 
close to tl^ market or the manufacturing scene. We should not expect the 
ERCs to have much effect in this regard. 

SUPPORT OF THE UNDERGRADUATE SCHOOLS 

There is a much more serious pioblem, however. It is not a problem 
unique to the ERC program. Rather, it involves the widesf^iead and laud- 
able practice of rewarding already excellent institutions with further op- 
portunities to increase their excellence. It is Imrd to argue against this 
practice, and I certainly do not mean to. However, it completely ignores 
the more than TOO engineering schools that mainly educate undei^aduates 
ami that n^ help pertiaps even nwre than the comparative handful of 
research institutions. It is a fact tiiat schools that award 14 or fewer Ph.D.s 
a year award close to half the nation's B.S. engineering degrees (NRC, 
I98Sd). 

The CtiUE recomnwnds that we invent better ways to support the 
undergraduate programs in this ^ond tier of schools. The two tiers are 
a relatively new phenomenon, having come about largely after Worid War 
II as a result of contracting from the mission agencies and the newly 
created N^ional Science Foundation. The largely undergraduate schools 
seem to be quiet institutions, lacking influence in the technical community 
and in government and industry. Nonetheless, they are impcwtant to the 
nation and add considerably to the diversity and richness of our engineering 
education system. It is certainly worthwhile to consider creative ways of 
improving their situation. A large pn*lem in this regard is how to give 
the proper support withmit rewarding m^iwrity and encouraging com- 
placency. These schools need help, but we must take care to help in ways 
that lift the standards and level of education. How to accomplish this is 
a tough problem that is yet unsolved. 

There are state programs of support for undergraduate schools that s«m 
to be working rather well. Consideration could be given to having similar 
national programs. 1 will mention two New York State programs tfiat 
differ in that one is focused on the student while the other is focused on 
tile institution. 

The first is called the Tuition Assistance Plan, or TAP. TAP provides 
assistance to students based on financial need, if they are New York State 
residents and attend schools in that state. The great merit of this program 
is that the schools must be attractive to students. Students have a way of 
picking the best school within the range of their ability to pay, TAP does 
not attempt to distinguish the relative quality of the various schools, and 



JEBRIERA.HADDAD 



133 



alw leaves untouched the different costs of state-supported and indepen- 
ctent schools. Thus, students of a wide range of abilities are able to attend 
a wide range of schools. One of the gieat features of higher ^ucation in 
diis country is the continuum of quality that is available to students. In 
my view, we mi^t beware of any scheme, no matter how attn»:tive, that 
stratifies higher education by n^ans of a bureaucmcy . I have much greater 
futh in die workings of a free marketplace that allows students to pick 
the programs best suited to their individual n^ds. 

SdKX>ls select^ by TAP stu(^ts are frw to use the tuition money to 
<k> what they <^m will make the {articular school more attractive to 
st&tents. As long as the burden of paying all tuition is not placed on the 
student, tuition c^ts can rise cIosct to the tuition the school actually needs 
in ordCT to attain the excellence of instruction it seeks in the manner it 
jiKlges best. Widi accreditation guaranteeing minimum quality, a diversity 
of $c1hx)1s can best satisfy tl^ naticHi's n^ds. If, as a scK:iety, we judge 
di^ tl^ accreditation minimum should be raised, the matter can dis- 
cussed with the Accreditation Board for Engineering and Technology 
(ABET)* which is compost of {Hiblic-spirited engineers from a cross 
secti(Mi of professional societies. 

The odier assistance plan is called the Bundy Plan. Some years ago, 
while McGeorge Bundy was president of the Ford Foundation, he was 
asked by the state of New York to recommend a way to k^p alive the 
coUe^ in the state. Hien as now higher education was having its prob- 
lems. As implen^n*^'^, the plan gave *'Bundy Money'' to degree-granting 
institutions according to the numt^r and types of degrees they annually 
granted. In the beginning each bachelor's degree earned $400 for the 
cdlege, each master's <^r^ $400, and c«:h Ri.D. $2,400. Tl^ise amounts 
have been increased from tin^ to time, until for the 1 985-- 1986 academic 
year they will become $1,500 for the bachelor's degr^, $950 for the 
master's degree, and $4,550 for the Ph.D. In addition, the two-year as- 
sociate's degree warrants $6{X). 

Here again the attraction of the plan is that the schools must use the 
funds to continue attracting the students they need for the degrees they 
want to grant. If standards are lowered to maximize the number of degrees 
granted, then the most talented students will slay away. If they are lowered 
significantly, then ABET will withhold accreditation. A powerful moti- 
vator is the attractiveness of graduates to graduate schools or the job 
maiicet. In a free economy you cannot fool the marketplace for long. 

A significantly different approach would to have programs aimed at 
giving each accredited engineering college at least some research funding. 
Proposals could be judged by people having no connection with the pro- 
posing college. A minimum amount, perhaps based on the student pop- 
ulatic»i or faculty size, could be given to support tl^ schoors most deserving 
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faculty for d^ir competitive smnding at that school, independent of na- 
tional ccmipetition. In doing this we w(Mild be encouraging the most tal- 
ented depaitn^t to rai^ its standanis, thus fulfilling the goal of imf^ving 
the i»ei^ration of engineers. Further, other faculty members would u,i 
doubtedly be stimula^ by competition and s^ k> im]:HX)ve tl^ir 
research i»oposaIs ami pn^rams. I know tlmt this fli^ in the face of the 
peer review system, which officially igncMies tte institution. However, our 
aim is to imirove the f^paration of cnir engin^rs, and to do this we must 
improve the instituticMis in tte seomd tier, those educating half of the 
imtion's engineers. If research will improve the pedagogical skill of the 
faculty, that purpose is just as valid and important to us as the nuHe 
ao^pted jnnpose of aiding to fundamental knowledge. 

A National Science Foundation program comes quite close to what I 
have just describe. The program, call^ Research in Undeigraduate In- 
stitutions, is only a year or two old, and it seems to be suc<^ssful in many 
regards. It is designed to give awards to the smaller schools that are 
predominately undergraduate. "Predominately undergraduate'' is in this 
case defined as granting 20 or fewer Wi.D.s annually in science ami 
engineering. The disaj^inting thing is that engineering fiKrulties have not 
responded with as many proproals as the science faculties. I strongly 
recommend that a survey study determine quickly why this is the case 
and how it can remedied. 

There is still another ^^^h to distributing the benefits of the ERCs 
to more colleges than will qualify to host them. As part of tlwir proposals, 
host institutions could suggest creative ways of involving other, less for- 
tunate colleges — for instance, through faculty summer assignments, sab- 
batical leaves, student interning arrangements (both graduate and 
unitergraduate), research subcontr^ts, brainstorming sessions, seminars, 
and review sessions. Certainly the most appropriate means to distribute 
benefits will depend on many things, such as area of research, geographic 
factors, laboratory space and ^uipment, and the areas of competence of 
faculty and students. Each situation will be different, and each will require 
different methods. 



NEW FACTORS AFFECTING ENGINEERING EDUCATION 

To sum up the considerations involved in the relationship between 
education and research, it is desirable to list those factors which are either 
new or have changed in importance in the last few years. 

1. The breadth, depth, rate of change, sophistication, and importance 
of technology and engineering methods in indusuiai and governmental 
activities have created a new world for educators to deal with. To design 
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a curriculuiD for today's engin^ring student that is hs complete as that 
of two or three decade ago, ai^ to keep it within four years, is difficult 
to tte point of impossibility. 

2. &igii^ring yA>s in industry are highly diverse. The job categories 
of all employed engineers break down a** follows (NRC, 1985b): 



Into this broad range of specialties must factored an industrial sp^ialty 
aiKl a basic discipline. Educators cannot possibly expert in all these 
«:tivities. How to i»x>vide an education for these activities on top of an 
alrewiy cix>w<^ four-year pro^^ is mind boggling. Yet the increasing 
sq^istication and importance of these activiti^ decree that the educaticm 
system somehow must accommodate them to a greater degree than before. 

3. About 200 engineering colleges arc jMiedominately undergr^uate 
institutions that f^oduc^ half the B.S.s in engineering annually. These 
institutions l^k the advantages that research institutions enjoy: world- 
class faculty, state-of-the-art laboratories ami equipn^nt, and tl^ sup- 
porting infrastructure that these things bring. If we are to raise the quality 
ami ability of the graduating engin^r, we must focus on the graduates of 
these institutions as well as the research institutions. We canm>t and should 
not aspire to make all engineering colleges into worid-class research in- 
stitutions. However, we cannot stop short of improving the education 
experience for all engineering students in areas that count most. 

4. Engineering in government and industry is becoming increasingly 
sof^isticat^ in order to compete in an increasingly competitive world. 

Practitioners need to know the latest research findings, and researchers f 

need to know the obstacles to engineering progress. Industrial concerns, 

exce{M for the very large and affluent, cannot possibly do research in all 

tlw technical areas of importance to them. Consequently, as a nation we 

should use our government funds and education system to ensure that we 

appropriately cover the areas of research that are important to our success 

in the global maricetplace. 

5. In the effc^ to hold the undergraduate engineering program to a 
nominal four years, courses in practical skills have had to all but disaf^>ear. 
Tl^ increase of engineering research on our campuses should involve as 
much student interning as possible so as to expose as many students as 
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2.1% 
16.6% 
20.7% 



ERLC 



142 



136 RELATIONSHIP BETWEEN ENGINEERING EDUCATION AND RESEARCH 

possible to the real world of laboratory woric. Such lalwratoiy exposure 
is considerably better than tl^ standard laborat9ry c<hu^. 

6. A serious and perennial problem for faculty is to keep abreast of 
progress in engineering around the world. Hiis makes faculty contact with 
practitioners essential. Any program that brings serious practitioners to 
the campus for t^hnical dialogue is invaluable to the education process. 
Since an ERC cannot be expectwi to stimulate this type of interaction 
outside its technical area, special efforts should be made to introduce the 
industry ptople to other elements of the engineering college. 

Taken together, these points say that the ERCs represent an idea whose 
time has come. The ERCs are the first really creative response to a number 
of interrelated prd)lems. We should labor hard to make them work. 

REFERENCES 

National Research Council (NRC). 1985a. Engineering education and prartice in the United 
States: R>undations of our lechno-cconomic future. Report of the Committee on the 
Education Utilization of tte Engineer. Washington. D.C.: National Academy Press. 

National Research Council (NRC). 1985b. Engineering emptoymKit charwrteristics. Report 
of the Panel on Engineering Employment Characteristics, Committee on the Education 
and Utilization of the Engineer. Washington. D.C.: National Academy Press. 



IV 



The Future — Challenges and 
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Challenges of a Technologically 
Competitive World: 
A Vision of the Year 2000 
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The year 2000, which looked so distant for so long, is now practically 
upon us. In fact, the work the Engineering Research Centers start this 
year will be exploited mostly after the year 2(X)0. What trends and chal- 
lenges are likely to continue throughout that time? What are the most 
likely implications for the Centers? Technology and history are so full of 
sur|»ises that I will not attem|M any precise estimates of future states of 
tlx; art. Instead* I will attempt some surprise-free comments about the 
future. One should not be seriously surprise if trends already existing 
create the results predicted (Kahn and Wiener, 1967). Of course, unex- 
pected major events — a war, political upheaval, or unforeseen accident — 
could change tlK picture enormously. 



WORLD POPULATION AND WEALTH 

The world's population is expected to he about 6.2 billion people in 
the year 2000, with almost all the growth occurring in developing cojjntries 
(Figure 1). This growth in population— to 1.4 billion people more than 
we have today— is greater than the current population of China. Yet this 
growth is only a point in a continuum toward a likely population of 8 
billion people a few decades later. Growth in world gross national product 
(GNP) has fallen from the annual 5% per year enjoyed through the mid- 
1970s, yet even the currently existed growth rates of 2.7% to 3.5% 
(Frisch, 1983) have formidable consequences. By the year 2000 real wealth 
should be 50% to 66% above 1985 levels. Recent spurts in wealth and 
productivity gains in the Asian rim, China (which has shown productivity 
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gains of 1% to 8% per year in both agriculture and industry since 1978), 
and other developing countries suggest the possibility of even higher gains 
(The Economist, 1984). Worldcasts and the Worid Energy Conference 
estimate a world GNP of about $17.7 trillion (in 1983 dollars) for the 
year 2(XX), representing a world market of $7,8 trillion (in 1983 dollars) 
beyond today's levels (Worid Bank, 1985). Wealth f^r capita is expect^ 
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FIGURE 2 Food production in developing countries. 



to rise in real terms from today's $2,000 to between $2,600 and $3,200 
by the year 2000 (Fiisch, 1983). A key question is whether this wealth 
will be further concentrated in the developed countries or reasonably 
distributed among developing countries. Two kinds of technologies — food 
and energy— will play principal roles in determining this outcome and 
other competitive patterns in the world. 



FOOD AND AGRICULTURAL TECHNOLOGIES 

I 

Among the great forces affecting international competition will be f<Hxl 
and agriculture technologies. There have often been dire predictions alH)Ut 
future world food supplies. Television constantly reminds us of the tragic 
pockets of hunger in the worid today. Yet world food production per capita 
has actually been greater than ever before in both developed and devel- 
oping countries (Figure 2). The much-maligned "green revolution'" has 
brought important relief to many areas of the world with the development 
of dwarfed and higher-yield crops, but often at the cost of significantly 
increased energy and chemical requirements for the land. Diffusion of 
these technologies will continue to offer productivity increases until the 
next decade, when advanced biotechnologies are expected lo offer even 
greater potential through higher-yield varieties, improved pest resistance, 
and better adaptability to saline or low-moisture conditions. 
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ScHne experts have estimated that with known technologies the worid 
could feed twice its estimated population of 6.2 billion in the year 2(XX), 
and that developing countries could fmduce two to three tin^ as much 
food as they do today (Revelle, 1976). For example, pest contitrf could 
provide enormoujs fains. Today almost half of all crops produced are 
cfestroyed by pests (Davi'^ Pin^tel, personal commimiCTtiOT, 1?^3). Sadly, 
agricultural technologists know what to do about many of these {m>blems, 
including the soil destructi<»i that is increasingly moving farms onto ever 
nwre marginal lands. Aji^lication of known, low-cost technologies such 
as soil retaining, low tillage, crop cycling, scheduling, land-use planning, 
and storage could preserve valuable lands, control many pests, and increase 
usable foods dramatically. Unfortunately, aj^lying more ^vanced chem- 
ical techiK)logies to iiKrease production to the level of d€velq)ed countries 
may require coital, energy resources, and technical knowledge that are 
not always immediately available in the countries that need them most. 
Getting these resou- ;^s to where human n^s are greatest will be one of 
the strongest issues, creating potential alliances and conflicts among na- 
tions for the next two decades. 



TABl£ 1 Urban vs. Rural Population Growth in Developing C(Hintries 



Average Annua] Percentage of 
Pt^laCion Growth. 19jKX-200O 
Income Category Urban Rural 
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0.4 


Southern Euit^ 


2.9 


--0.2 


Alt itevcloping cuunthe^ 






(excluding China^ 


3 5 


M 



SOURCE: Worid Bank (1985) 
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TABLE 2 Trends in Exports from Developing Countries 





VaJw of Exports in 




Annual 




DiUioos Of Dollars 




Growth 








Rate 


Commodity 


l%5 


1982 






7.1 


134.6 


21.7 


Food 


13.3 


74.8 


12.2 


M^als and mu^rals 


4.5 


26.9 


12.6 


Rids 


7,3 


165 1 


23.1 



^URCE: W<^ Bank (1^5). 

MORE INTENSE LABOR COMPETITION 

Certain j^tterns ami consequeiK^s of the improven^nt of food tech- 
nologies are likely in the near future. While some countries will undoubt- 
edly be plagu^ by dn^ght and impossible incentive and distribution 
structuies, niost countries in the Organization for Ea)nomic Cooperation 
and Development (OECD) will have farm surpluses that are genuii^ po- 
litical prd>lems. U.S. farmlands are being abamloned or sold under d^s- 
tn^s^ terms because of high intoest rates and the govemme^. s refusal 
to suppOTt production at i^ces hi^r than those of the world's increasingly 
ccmip^tive markets. U.S. agriculture, which provided the greatest U.S. 
net export balance — about $20 billion — in 1983, may be on its way to 
beaming only a ''residual source*' for world maricets, with corresponding 
i^gative effects on the U.S. tracte balances nee<^ to buy energy and raw 
materials* Most important, however, in many develq>ing countries about 
70 percent of die population has traditionally been employed on farms 
{Food Policy, 1984). Increased agricultural productivity is allowing people 
to move to cities in unprecedented numbers, creating megalopolises of 
tens of millior^ of people, with corresponding huge labor forces that must 
be employed in nonagricultural tasks (Table 1) (Vining, 1985). These 
peq^le provide a tremendous pool of cheap labor, which can manufacture 
with known technologies at very low costs. Cheap labor has begun to 
change the trade balances of developing countries toward manufacturers 
(Table 2), and throughout the fore^eable future will create relentless 
downward pressures on the price of manufactured goods in international 
trmle* Even U.S. agriculture is threatened by imported processed foods 
(like frozen orange juice from Brazil). 

TECHNOLOGY AND CAPITAL TRANSFERS 

Each emerging country will urgently seek new ways to form capital 
through involvement in the more highly value-added industries, U.S, 



144 



CHALLENGES OF A TECHNOLOGICALLY COMPEimVE WORLD 



companies will increasingly to produce and source abroad, and coital 
will certainly available to those who do so. World capital markets will 
be ever more closely linked by these ventures through the instant access 
offered by electronics technologies, md through new worldwide invest- 
ment and banking structures that exploit these technologies' potentials 
(The Economist, 1985c). With a few exceptions, as in Japan, cost ad- 
vantages resulting firom capital availability will be hard to maintain. 

Given the increased r^idity with which technolo^es have crossed bor- 
ders (Vernon and Davidson, 1979)» permanent technological advantages 
will be ever more difficult for any single company or country to maintain. 
The only feasible bases for greater long-term com]:^rative wealth in tt^ 
United States wilt be continuous t^hnological and management innova- 
tion, more rapid productivity increases in all ^tors, and better systems 
and incentive structures that will encourage U.S. industries to create and 
adopt new problem solutions. These considerations will central to the 
success of the Enginwring Research Centers. 

ENERGY TECHNOLOGIES 

For years the United States based its industrial strength in part on cheap 
energy and raw materials. No>v our relative position with regard to these 
resoua^s is not so attractive. Although the country enjoys great total 
resources, these have become marginally more expensive than foreign 
sources. Despite concerns expressed in the 1970s alK)ut limited energy 
and mineral reserves, the world is slowly recognizing that its ultimately 
exploitable fossil energy supplies arc very extensive, and that its raw 
materials may be substituted for each other almost without limit, based 
on their relative prions (Simon, 1981). The Electric Power Research In- 
stitute (1981) estimati*5 in its review of world hydrocarbon resources that 
vast amounts of oil aid its substitutes (the equivalent of 7 to 11 trillion 
barrels, less energy fcr development and refining) could be available in 
the very long run with proper combinations of prices and technologies. 
Although new non-fossil-fuel technologies (and increasing environmental 
and investment costs for fossil fuels) may mean that most of these hy- 
drocarbon resources are never used, fossil fuels will undoubtedly predom- 
inate for the next two decades. The important questions are, at what prices 
and from what sources? 

High Replacement Costs 

Although energy costs have temporarily dropped for the United States, 
this is not true for much of the rest of the world, which has to buy oil in 
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<k>Uars (The Economist, 1985a). Developing countries will use more en- 
ei;^ per capita as they industrialize. ReplKement costs are likely to rise 
^e^ly until i^w synthetic fc^sil or high-technology appro^hes are well 
established* Many replacement sources lie in remcMe locations and will 
require investments of many trillions of dollars for development and ex- 
ploitation over the i^xt 15 years. To the extent that the^ investments are 
made in tess (feveloped countries, they can provicte strong fon^ driving 
th<^ nations* ^xmomic growth and emergence as attractive world markets 
and suj^liers of other gocnJs. 
F^w peq>le expect fc^il fuels to be as inexpensive as they were in the 
\hs pressures of politics aiKl replai^ment costs hold prices up too 
powerfully. Although we have effected some permanent savings from 
instalted insulation and redesign^ engines, it will be interesting to see 
wi^ther ei^rgy growth rates move back toward ti^ir pre- 1973 values, 
wliich were greater than 4 percent, as market forces reassert themselves 
and energy prices drift toward levels of marginal substitution for other 
{products similar to the levels seen in the early to middle 1970s. The 
popularity of low-set thermostats, small cars, and slower speeds has al- 
ready waned r^idly in the United States and OECD countries. A contin- 
uing challenge in industrial design will be properly evaluating trade-offs 
between energy and other costs, including energy-related externalities like 
acid rain and deposition, polluted groundwaters, and injuries to those most 
l^vily exposed to toxic by-products of energy production and use. 

Other Developing Alternatives 

By the year 2000 the worid will probably have proof of several other 
'arge-scale systems offering truly permanent energy access. At Creys 
Malville, France should have proved continuous breeder reactor opera- 
tions — if not their economics — on a commercial scale. Although formi- 
dable t^hnicai problems remain, U.S., Japanese, £un>]:«an, and Russian 
fusion power programs still seek to surpass Lawson's criterion (energy 
break-even) within the next decade (Clarke, 1981). The constantly im- 
proving field of solar voltaics — a young $I80-million business in 1984 
(The Economist, 1985b) — is another developing alternative. But neither 
of these will significantly affect energy supplies by the year 2000. Once 
proved at commercial scales, however, these technologies could offer a 
long-term prospect, characterized by relatively stable energy costs and 
fewer environmental problems. More important, they could redefine the 
very nature, scale, location, and availability of the raw material resources 
of the world — and thus the longer-term wealth potentials of many now- 
develcping areas. 
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NEW STRATEGIES FOR THE AMERICAN ECXWOMY 

Assuming that major trends in these two mmt important t^hnology 
aieas — foods and energy — develq[) in the noncatastn^hic fashion sug- 
gest^, what is a likely scenario for U.S. and world industry over the next 
several decades? While we must assume that die United States and other 
advanced countries will be increasingly dominated by tteir service sectOTs 
(Figure 3), we must also remember that **services*' include many high- 
t«:hnology industries that do not hap^n to produce a tangible **product": 
airlines, utilities, communications, retailing, wholesaling, healthcare, 
banking, insurance, financial serviws, and others that are very tcchndogy- 
intensive and need continual infusions of engineering science and exper- 
tise. 

It is difficult to maintain reasonable trade balances, however, solely by 
exporting services. There will probably be strong pressures to maintain 
at least a 20 percent employment presence in manufacturing. Solely for 
reasons of national security, it seems likely that at least viable steel, 
chemicals, ground transport, aircraft, electronics, donwstic energy, and 
ship-building capabilities must be maintained, by government subsidies 
if necessary (Quinn, 1983). Other industries that will have to remain 
intematiwially competitive must squarely face the problems oullii^ above: 
how to compete with some companies (like the Japanese firms) that may 
have half the capital costs, with others (like those in developing countries) 
that have a tenth or twentieth of the labor costs, and with still others that 
have especially low-cost raw materials in addition to low labor costs. 
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There are few easy answers. .Strategies must fall back on what the United 
States can do best exploit its extraordinarily rich and varied scientific 
base; get closer to its own customers in the largest, wealuflbt market in 
the wOTld; relate sciaices, technologies, and customer needs to the search 
for new solutions with higher total valiw added; and exploit the country's 
entrqweneurial capabilities and flexible capital structures, which have been 
the envy of the world. All these strategies require continuous innovation, 
not just in products, processes, and system technologies, but also in the 
use of smaller, more flexible organizations and more imaginative man- 
a^ment concepts. 

ELECTRONICS AND COMMUNICATIONS 

Many opportunities will arise from electronics, die most powerful single 
technology of the current era, and from biological technologies, which 
ma offer a wide range of new solutions for agriculture, human healthcare, 
environmental improvement, chemical processes, and even energy pro^ 
duction. Many important dimensions and trends within the electronics and 
communications technologies have been well documented. However, it 
is their interface with other t^hnologies and their use in entirely new 
system solutions that will present some of the most fascinating horizons 
of die next 15 years. What are some of the likely effects on industry 
structures, competitiveness, and management? 

The demand for electronics functions has been growing continuously 
and expOTientially for several decades, and it is expected to grow anodier 
100- fold in the next decade. When one asks executives or investors how 
they would like their company to be in an industry with such a growth 
rate, they exhibit a mild excitement. Oddly enough, virtually all companies 
and institutions have the opportunity to share in this growth rate, because 
it is the use of these technologies thai will expand so rapidly in the next 
decade. Almost everyone is a potential applier of the lechnology , whether 
in their travels or at home, in factories or government offices, in retail 
shops or on farms, in research centers or educational institutions, in health- 
care facilities or places of entertainment. The benefits of electronics will 
accrue most notably to those who apply electronics, not to semiconductor 
manufacturers, as is often implied in discussions of worid trade advan- 
tages. Each capability of the technology opens its own particular oppor- 
tunities. 



Communications Bandwidth 

Bandwidth, the amount of data that can be carried over a single link 
per second, has been growing continually and exponentially for decades 



148 



CHALLENGES OF A TECHNOLOGICALLY COMPETITIVE WORLD 




(100,000 wfc© channels) 
CoaKia) cebia m6 microv^ve 
(38,000 voice ctwwetel 

^Microw^v© (1.800 votes chwvwW 
Coai{i^ cab^ (600 votea ch^tnafs) 




Carrier t^^>h^ (12 voice channeis) 
Baud(M rmi}*^)t roto^ai^ (6 tetagraph machines) 




E&ly tetegraphy: K^>rs8 co6q 
^^O^^ne^u,^ .... ........ 



1880 1880 190O 1920 1940 1960 1880 2000 2(S10 20^ 2060 

YEAR 

FIGURE 4 Sequence of inventions in the telecommunications field. 



(Figure 4). Today advanced laser optics systems in commercial use can 
transmit approximately one-half billion bits per second — the information 
equivalent of the words in 100 sizable Ixwks. In the laboratory, researchers 
can now transmit approximately one trillion bits per second — the «juiv- 
alent of the words in 200,000 books. At this rate lasers could transmit all 
of the word information in the lKx>ks of the Library of Congress in less 
than half an hour. The theoretical potential of light-frequency lasers is 
still approximately two orders of magnitude beyond the current laboratory 
art, and significant progress toward that goal should be expect^ by the 
year 2000. 

Will we use information in the same w&y when it can be transmitted 
commercially at these rates? Probably iwt! Ekmands will expand mark- 
edly. To use this capability effectively will require whole new industry 
infrastructures. Already major new endeavors have arisen in information 
packing, mass storage, fiber optics, light-frequency modulation, rapid 
remote sensing, light-fiequency recording and playback, solid-state laser 
comix)nents, light-activated computer devices, and computer security t^h- 
niques. Other completely new consumer systems (instant remote imaging), 
institutional systems (medical diagnostic and surgical techniques), com- 
munications services (local area networks and data systems), input-output 
devices (voice and on-line sensing), and linkage systems (electronic jails) 
seem to pop forth daily to use these huge bandwidths. 
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Density of Components 

Tlw (tensity of components has continued to grow rapidly, although at 
a slower rate of change than in the eariy 1970s. Meindl and others have 
suggested that component densities close to one billion components per 
chip are possible by the year 2000. Others believe this may be conser- 
vative. In any event, such capabilities immediately suggest the potential 
of voy powerful (several picosecond) computers in minuscule packages, 
fTKtions of inches in dinwnsion. Of course, along with this extraordmary 
power and small size come fascinating challenges for software and firm- 
ware to program the chips and oi^anize input data so their capacity can 
be realized. The Ml power of such devices cannot be exjrfoited without 
extensive real-time sensing capabilities, high-bandwidth transmission ca- 
pabilities, and software concepts (like those of artificial intelligence) tiiat 
decrease the distance from the central processor to its most remote memory 
sources. 

A few chips can give each appliance, factory tool, vehicle, school, 
office, clinic, home, supermaritet, and comer repair shop a computing 
power that would have been unimaginable in 1970. Given the creative 
ways people have us«I increased computer power in the past, one can 
only wonder what further applications will Iw commonplace 15 years from 
now. Electronic capabilities will undoubtedly rcsmicture virtually every 
institution's research, producing, financing, distribution, servicing, pur- 
chasing, and marketing systems. These changes will be at least as im- 
portant as lowered production costs for most companies. Some examples 
are discussed below. 



Electronics Costs 

Historically, semiconductor costs have dropped 25 percent to 30 percent 
for every doubling of volume; capability has become ever cheaper as 
power has grown. However, the costs of developing and making the first 
nev» chip have ballooned from a few hundred thousand dollars for large 
(LSI) chips in the late 1970s to tens of millions for very large (VLSI) 
chips in recent years (Figure 5). Today there are two different views about 
future cost patterns. Some sophisticated companies say they have found 
ways of developing and introducing new complix chips that will not inflate 
future costs. Others say that future generations of chips will take hundreds 
of millions of dollars to develop and introduce. 

Once a production line is set up and debugged, however, it is nearly 
totally automated. Marginal materials and labor costs approach zero; semi- 
conductor costs become determined by error costs and yields, with prices 
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HGURE S Growth of total R&D costs for improven^nts in semiconductor units 
of memofy. SOURCE: McKinsey & Co. 



following low-margin commodity patterns. Few doubt that very dense, 
powerful, reliable chips will be available in high volumes at low cost in 
the late 1990s. StilU their use in devices will require entrepreneurial 
imagination, rapid and flexible pixxiuction and marketing techniques, and 
extraordinary attention to quality production and the software without 
which the chips would be useless. These arc familiar problems of mass 
production, and should be an arcna where the United States can compete 
well if corporate incentive and promotion systems are adjusted to attract 
and reward well-trained people for quality manufacturing. 

As important as computers arc, they arc increasingly likely to become 
commodity items, except for those used in extremely advanced IalK>ratory 
or military applications. If patterns seen in other fields obtain, a few firms 
with great depth in the technology itself, significant production expertise, 
and strong distribution capabilities will dominate these commodity mar- 
kets. The use of computer technologies will be much more crucial to 
profitability and th:^ generation of wealth in a society than the actual 
production of semiconductor chips and the off-white boxes that contain 
them. 



Storage Capabilities 

Electro.iic storage capabilities and costs have also improved exponen- 
tially over the last several decades. Today all the words in all the (non- 
duplicate) books in the Library of Congress (some calculate about a 
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quadrillion bits of infoiroation) could be stored in an incredibly small 
space. Few example, if laser disks now in the laboratory can store 4 trillion 
bits of infonnatitm, only 250 to 1,000 would be required to store the 
amount of informatics in the Library of Congress. Beyond today's ca- 
p^ilities jie potentials of another order, in atomic storage — which has 
essentially unlimited capabilities. To use these capabilities will require a 
faa:inating merger of atomic jAysics, nrolecular biology, and chemicals 
and electronics research: a stimulating set of challenges for a new labo- 
ratory system. 

Since none of the above subsystems in electronics and communications 
will approach its tl^rcticaJ limits for some time, these major technologies 
should continue to im{^ve in all their important dimensions throughout 
most of the next decacte. What do we do with these technologies as they 
^roach zero marginal cost, operate at the sj^ed of light, occupy almost 
i» space, are able to store infinite information, are immensely reliable, 
and demonstrate flexibility teyond belier 

Automation and Employment 

Many have made the dire prediction that electronics will perform all 
jobs; hence employment, incomes, and demand will disappear. This has 
certainly not been the pattern of the past. All studies to date show that 
electronics has actually increased total employment substantially. In fact. 
(Hir service-dominated economy today would be im{X>ssible without elec- 
tronics. There is the obviously substantial employment in computer and 
associated products industries; and service sectors like banking, insurance, 
air transportation, hospitals, libraries, travel services, education, com- 
munications systems, entertainment, government services, and the military 
would grind to a halt without electronics. All such services .seem more 
likely to expand than contract their employment during the next decade. 

Although one cannot prwlict precisely what new products will spring 
from the imaginations of inventors and entrepreneurs, they are certain to 
occur. In the mid-1960s few would have thought that tfie American home 
of the 1980s would be a combination of supermarket, movie house, video 
arcade, short-order restaurant, discotheque, computing center, and auto- 
mated heating and plumbing establishment. We arc now poised to move 
beyond mere comfort and entertainment to other basic needs like personal 
medical diagnoses, self-education, home employment, security services, 
child-monitoring, emergency health services, automated household re- 
pairs, transportation services, electronic banking and shopping, and so on 

infmitum. 

Farm and ranch homes can adopt electronics technologies in even more 
spectacular ways to help with hard chores. mated plant nurseries. 
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and animal- and plant-f^ing, irrigation, planting, monitoring, spraying, 
harvesting, testing, and product-classifying systems already exist. Among 
the nKMe interesting applications are an automata! sl^p-shearing system 
(teveloped in Australia aiKl a chicken-deboning system created for U.S. 
restaurants. 

Further pcrtentials are limited only by human imagination. There should 
certainly be unbounded opportunities until well beyond the year 2000. 

THE FLEXIBLY AUTOMATED FACTORY 

Much has been written about the impact of electronics on each type of 
institution mentioned above. However, the flexibly automated factory 
illustrates m^y of the greatest potential impacts of electronics on man- 
agement and competitiveness (Jelinek and Goldhar, 1984). In such a 
factory items can \k produced in essentially any swjuence without incurring 
substantial extra setup costs. (Each machine is relatively indifferent as to 
whether it produces 100 of the same item or 100 different items in se- 
quence.) The ^tups are all {Mieprogramm^. As setup time ^proaches 
zero, the Economic Lot Quantity (ELQ) for jM-oduction approaches one. 

This ttansition shifts economies away ftt)m certain welMcnown **econ- 
omies of scale'' toward '^economies of scope/' Because producers suffer 
no additional costs for prcxiucing variety, they benefit by abswbing soft- 
ware and hardware investments over the greatest possible range in the 
marketplace. This means that a flexibly automated prodiKrer should com- 
pete in as many niches as possible within relevant markets. An experience 
curve for this family of products replaces the individual skills and learning 
curves of workers as the variable cost most influencing total costs. Costs 
decrease most as one improves the software and machine relationships in 
producing the highest volume of pnxlucts within the design range of the 
system (Talaysum et al., 1984). 

Customer Orientation 

From the viewpoint of marketing it becomes essential that the factory 
be as closely connected as possible to customers. Ordering systems could 
electronically link individual customers by computer directly with the 
plant's production planning system. This would minimize finished stock 
inventory costs and allow greater market competitiveness by ensuring that 
the customer gets the precise product and delivery desired. As completely 
flexible automation is approached, variety in the marketplace not only 
does not cost the producer more, it adds value for individual customers. 
On the other hand, since the plant approaches having ail costs fixed (other 
than for materials and parts), unit costs become very volume-sensitive. 
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H^ice, Irving each customer and market niche and maintaining ccmtin- 
uing market relationships are mwe important than ever. Since c^r flex- 
ibly mitiMnated factcaies can ^>proach the same c<»t char^teristics, 
miq)etition moves from traditional cost mtxles toward more understanding 
(tf customer i^eds and desires, and enhancing pnduct quality and services 
accordingly. These concepts pose real challenges in understanding for 
ni^neering research centers and engineering schools. 

It should become possible to prcxluce producte of nearly perfect quality 
e«:h time. Hiis should lower quality costs by tte^reasing reruns and war- 
nmties. Sim* jwocess control is in software ami hardware rather than in 
labor skills, many products may be produced equally effectively anywhere 
in tte wcM-ld, thus (^»ning new world maritets for a company's product 
lii^. Electronic bandwidths and communicaticms can allow these rein(^ 
plants to be controlled and raonitorwl with whatever detail is neces^ry. 
Consequently, managers can delegate with greater confidence. The tech- 
nology thus permits highly decentr^ized organizational structures (gr- 
ating close to customers. Unfortunately, the danger also exists that 
mana^ments may use the technology to centralize structures and thus 
drive out the very people and attitudes necessary to design and make the 
systems wwk right in the first place. 

Lower Costs 

Although costs for some pieces of equipment and for software may 
rise, mans ether investment costs can be lowered for a variety of reasons. 
With zero wtup costs, a given piece or gnnjping of equipment can offer 
higher capacity on the same plant floor space. This should decrease space 
expenditures, as should the minimizing of perswial facilities, heating and 
lighting requirements, and so on. Investments should also be lowerwl by 
the decrease in work-in-progress because of automatic transfers among 
woric stations. Inventories mr.y be ftirther decreased by coordinated (or 
just-in-time) inventory control systems worked out with suppliers. To 
realize the full l^nefits of flexible automation, bener supplier relationships 
become crucial, and entirely new supplier strategies may be necessary. 
Suppliers must be allowed to invest in these same advanced technologies. 
TTiis i»obably means fewer, more sophisticated suppliers per manufac- 
turer, longer-term contracts to justify automation expenditures, and closer 
relations with suppliers to ensure that quality and delivery specifications 
are met in ail cases (Goldhar and Bumham, 1983). 

More dramatically, however, manufacturing later costs decrease drast- 
ically as a percentage of total costs. Automated factories in the United 
Stmes should begin to approach the unit lalwr costs of less developed 
countries. TTiis could assist the resurgence of manufacturing here and in 
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Other ^vanc^ countries. It may also allow the (kv^lopn^nt of wwid* 
class manufacturing facilities in developing omntries, but diese onintries 
will be relatively hindered by their lack of ^histica^ supplier and 
communications netwc^s. Optimal locations will be increasingly deter- 
mined by supplier availability and minimize inventcny costs, rather Uian 
labor cost differentials. All the above points demand longer planning 
horizons for companies than were i^uired in the i^t. They also require 
a global a]:^roach to product and nianufacturing strategies. 

In^lementatian 

Rexible automation requires very careful strategies to implen^nt its 
complex capabilities within the f^tory and with necessary suj^licr and 
marketing links. To date the ^proach usually taken is to develop clusters 
of machines afTwting single parts or subassemblies C'automat^ cells'*) 
that slowly bring key operations under control. TTiis allows tJ^ company 
to gain needed experience before linking the whole system into an inte- 
grated network ami organization. Interestingly, the people who have been 
•*stafr* in the past now become **line'* personal. The old buU-of-the- 
woods supervisor is no longer relevant. Programmers and maintenance 
people become the core of the operating force, with die remaining work 
force consisting of a small group of unskilled laborers who jninch buttons, 
watch meters, and sw^p floors. As automation occurs the changeover to 
this new kind of woric force r^uires careful planning, and great care in 
the retraining of people to minimize personal and organizational distress* 

Smaller 'Scale, Flexible Operations 

A continuing treml in industrial organizaticwi jq>pears to be toward small-- 
scale, more adaptive operations. For reasons of motivation, cost control, 
and flexibility, many companies (espwially in innovative industries) arc 
trying to keep the number of i^rsonnel at individual locations below 500. 

Even in large-scale, continuous process industries, the minimills of tlw 
steel industry suggest the ^onomies that may be available by decreasing 
fixed plant overiieads and ^opting alternate technologies as conditions 
change. Sociological trends indicate a continuing preference for nwre 
individualized items in the consumer trades. These changes, and the need 
to get ever closer to industrial customers' specific requirements, increas- 
ingly seem to be making flexible manufacturing systems more cost-ef- 
fective than fixed-position automation for specific situations. 

Many studies suggest that better understanding of customers is of^ of 
the most powerful competitive alvantages Andean froducers ccHild have, 
but one that they have often overiooked in their rush to achieve greater 
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efficiency. Many new fornis of flexible design groups— "skunk works." 
vrature teams, am) partnering, for example— that allow continuous feed- 
back ftom customers and active involvement of workers have become 
essential for rapid and effective innovation. Similarly, Engineering Re- 
search Center solutions will have to keep intimately in touch with changing 
market, organizational, and process needs of users. Not maintaining this 
OTientation properly has been the bane of European industrial research 
institute for decades. 

HEALTHCARE CX)STS AND THE FUTURE OF INDUSTRY 

In the last few years certain nonproduction costs of industry have begun 
to soar. Health costs have doubled as a percentage of GNP since 1960 
(Figure 6). Healthcare costs, now included in fringe benefits of major 

1^ 
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FIGURE 6 Rise in heaJthcare costs since 1960. 
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companies, today often exc^ the companies' total profit figure. And in 
son^ cases woiic-relat^ health hazards or health liability claims can be- 
comt large einnigh to bankrupt major com|:^ies (like Jdins-Manville and 
the owners of the Thnw Mile Island facility). 

Carcinogens, Mutagens, and Litigation 

Since virtually any chemical sutetance can be proved carcinogenic or 
mutagenic if given in massive do^s to test animals, there will incieasing 
tendencies to look to employers to compensate for real or imagined injuries 
on the j(A>, from products produced, or from wastes dispersed into tte 
environment. Because nearly all products will fact such pn^lems, tte 
Engineering Research Centers have a genuine opportimity to help fmd 
more benign solutions, wtere costs can be efficiently absort)ed ktoss a 
broad spectrum of industry. If solutions not found to these haunting 
I^blems, our litigious society can easily close down the very industrial 
complexes that have provide such great service, power, and wealth in 
the past. In economic terms, these problems will be at least as pressing 
&s those of production cost containment ami quality improvement within 
the next 15 years. 

Leaks into the aquifers of Florida and the Silicon Valley have proved 
that the economies of entire areas can be destroyed by small-scale chemical 
intrusions into water supplies. Increasing evidence is accumulating on the 
health effects of atmos]^ric pollutants, including carcinogenic f^icles, 
leads, ^rosols, and acidity. Maps of cancer incidence suggest that living 
around industrialized cities seems to be dangerous to human health. Com- 
plicating action is the long delay between an initial environmental insult 
and its identification as a recognizable cause of disease. Thirty years 
elapsed before a correlation was deserved between men's smoking and 
cases of lung cancer, with the pattern tragically rej^ated later for women. 

Similarly, there are many products in use now — hair dyes, drugs, flavOT 
enhancers, paints, component and process chemicals — whose long-term 
effects cannot be evaluated yet. The businesses that produce these prcxlucls 
in all good faith today may be bankrupted years from now in order to pay 
the unforeseen costs of present decisions. Significant work is needed over 
the next decade and a half to develop better mechanisms for measuring 
pollutants, for reducing health risks, and for fairiy sharing the natural 
risks of modem life. Using electronics capabilities, advance! monitoring 
arKi sensing systems can be built dii^ctly into production processes. In 
addition, health management on the employer*s premises can be improved 
by automated tests that can be made unobtrusively. The Engineering Re- 
search Centers may offer a new vehicle for employers with similar prob- 
lems to engage in joint research projects, and perhaps ultimately in joint 
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waste-disposal effons, to improve their practices and lower their (and the 
nation's) health costs. 

National Healthcare Costs 

Annual U.S. healthcare costs will probably exceed $1.2 trillion in the 
mid- 1990$, creating enormous national overheads and great challenges 
for new technologies and systems to contain these costs. New technologies 
will increasingly allow pe<^le to live for months or years through situations 
Uiey could na have survived a few years ago. As previously deadly 
diseases are increasingly eradicated, an ever greater percentage of the 
population will reach late retiren«nt ages. The marsins of our productive 
sectors will have to be expanded to cover these increased national over- 
heaJs, despite the crushing effects of low-cost foreign competition. This 
may in fact be the greatest of all engineering challenges. Without appro- 
priate solutions, our society will have to make some difficult choices about 
who lives on, or be bankrupted by its successes in healthcare. 

BIOTECHNOLOGY 

Fortunately, technology has provided a dramatic new capability that 
may balance some important negative trends. Biotechnology has revolu- 
tionized medical research and is on its way to revolutionizing healthcare, 
foods jMToduction, chemicals production, and waste processing, possibly 
ameliorating many of the problems mentioned above. Bacteria have al- 
ready proved to be remarkably helpful in cleaning up many environmental 
insults, and will doubtless be more so when they are deliberately bred for 
this iMirpose. Similarly, as research develops new knowledge about the 
natural chemical protective agents of plants, animals, and humans, it 
should be possible to prevent and cure many diseases that have been 
intractable in the past. 

Harnessing the diagnostic potential of genetic engineering has already 
led researchers to claim that more progress has been made in cancer 
research during the last two years than in all preceding history. If the 
genes that produce antibodies (or other defensive agents) for living systems 
can be found, cloned, and switched on. experts Ixlieve they may be able 
to produce highly specific entities to attack almost any human, animal, 
tw plant disease diagnosed. When combined with better sensing, moni- 
toring, and early diagnostic capabilities at job locations and disposal points, 
they should offer much-enhanced future prospects for environmental and 
human health improvement. 

Genetic techniques should also have a major impact on production 
processes. Agricultural researchers anticipate locating the genes that affect 
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specific inherited plant traits, and then developing plants or seeds with 
these desired characteristics, thus short-circuiting the years of selective 
breeding needed to achieve similar results. Plants with desired traits (like 
bulkier tomatoes, com with stronger stalks, easier-to- harvest fruits, and 
even nuttier-tasting wheats and corns for breads) can readily be conceived. 
Before the year 2(XX), many researchers also expect to create some grains 
ami legumes that can fix their own nitrogen fertilizers, as the soya plant 
does today. Although extraordinarily difficult to achieve, such a devel- 
opment could have dramatic effects Oii less developed countries' foixl 
production and energy imports. By the same date, however, and with 
higher probability, genetically engineered vaccines and hormones should 
vastly improve animal husbandiy and prevent some deadly livestock dis- 
eases, like hoof-and-mouth disease and shipping fever. 

In the chemical industry many claim that biotechnology will allow 
smaller- scale, less energy-using, and less waste -producing plants for many 
products. Virtually any petrochemical derivative or organic chemical is 
potentially producible by biotechnology. Fructose, amino acids, and an- 
algesics are at the top of the list for large-scale biotechnology operations. 
But **bugs" — or their brethren, yeasts and cells — are also able to produce 
indigo dyes, cleaners for river barges, safe noncorrosivc substitutes for 
road salt, and effective leachates for processing minerals such as copper, 
sulfur, and uranium. Biotechnologies are young, and the abiwe examples 
only suggest the range of their possible applications. Their effect on the 
scale, diversity, and location of agriculture and industry is likely to be 
profound. Surprises will abound as technologists rapidly expand our un- 
derstanding of the possibilities and limits of biological systems that have 
been mutating since life began. 

PROSPHCTS AND CONCLUSIONS 

Technological progress over the next 15 years offers great hope for a 
better world future. The prospects I have alluded to represent minimal 
advances. Surely inventions and discoveries will unleash new, brighter 
potentials. We simply do not know what these are now. 

To realize these potentials takes political foresight and wisdom we have 
not always been blessed with. Food and energy developments require 
massive investments on a woridwide scale. These will only <KCur if nations 
see their interests as intertwined, rather than polarized by religious or 
political ideologic. Populations can be controlled, fed, and made wealthy, 
but only by nations willing to innovate, to make siKial investments, and 
to educate rather than build monuments, perpetuate myths, and create war 
machines. 
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Our traditions of independence, entrepreneurship, freedom, and indi- 
vidual rewards have made the United States the greatest technological 
innovatcn* in history. These forces — supported by an expanding base of 
scientific understanding — should continue to serve private needs well. But 
f» each fx^md of goods we prodwe for our wealthier society, the Law 
of Ccmservation of Matter says we must also ultimately produce a pound 
of waste. Managing the by-products of progn^s will rwjuire new infra- 
structures, public investments, ami planning on a scale we have never 
befwe achieve. Business and government will have to work hand in hand 
in developing new mechanisms that will deal with these needs as well as 
our private enterprise system has dealt with our traditional product and 
service needs. The Engineering Research Centers are an encouraging de- 
wlopn^nt in attacking some important f«x*lems, and we trust that their 
successful launching will lead to the kinds of technological solutions this 
country so genuinely needs by the year 2(XX). 
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Goals and Needs of U.S. Industry in a 
Technologically Competitive World 



ARDEN L. BEMENT, JR. 



INTRODUCTION 

Today the United States is being strongly challenged by its international 
trading partners for world maricets. We feel deep concern at the erosion 
of our great basic industries, such as steel, automobiles, and other heavy 
manufacturing. TTiese industries have been the backbone of our past eco- 
nomic strength. We are also concerned that many of our recently formed 
high-technology industries are being plac^ in the category of * 'endangered 
species" by the targeting i^ctices of our world trading partners. We now 
find ourselves at a crossroads, and must decide whether our current busi- 
ness s'^egies* instinitions, structures, and laws will continue to sustain 
our high standard of living. As Simon Ramo ( 1984) has pointed out, '*the 
international race for technological superiority is as ferwious as any cold 
war battle, and it is fundamental to deterring a hot war. To win can enable 
a nation to be master of its fate while also enjoying the fruits of superiority 
in technology. To lose badly can be a catastrophe/' 

The government is now calling on the scientific and engineering com- 
munities to respond to global comf^tition, to make use of emerging tech- 
nologies to create new producte, processes, and management systems. 
The establishment of the Engineering Research Centers is a major element 
of this national response. 

To envision the goals and needs of U.S. industry through the year 2000 
is tx)th a presumptuous and a hopeless task, since in retrospect many of 
the interesting technologies developed during the past 15 years represent 
significant discontinuities from the past. By any measure the pace of 
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technology development is accelerating. I find it hard to ponder wh^ 
further acceleraticm ccnild occur as chit thinking processes are improved 
with the aid of advan(^ computers and software* Predictions even out 
to 15 years must be seen as highly speculative and probably useless. 

Nevertheless, there are persistent trends that will nurture th^ new growth 
industries. As John Naisbitt (1982) observed, we are restructuring our 
society to emphasize information over industry, decentralizational ower 
centraJization, telerommunicartions overprinting, entrepreneurial activities 
over managerial ones, and an integrated global economy over a national 
one. 

The 1980s will be a pericKl of uncertainty, during which people will 
have numerous options and will exercise their options with greater intel- 
ligence and creativity. H^re will be increasing challenges for large com- 
panies to be more forward-looking in analyzing the future and in effecting 
changes. Hiey will have to develop stronger insights into sel^rting po- 
tentially successful t^hnologies and into helping their businesses adapt. 

Before looking to the future of American industry, however, I believe 
the past and present should be put in perspective* In spite of the apparent 
eternise of some of our major industries, as a nation we have b^n successful 
in developing new industries over a sustained period of tin^. Some of 
the trends we have seen include the following: 

• the creation of new jobs at a phenomenal rate — nearly twice the rate 
of Japan 

• a steady and continuing increase in manufacturing productivity 

• an industrial output that, as a percentage of gross domestic product, 
has been remarkably stable over the past 30 years, averaging about 24 
percent in spite of two major wars, oil crises, at least two major recessions, 
and a determined antigrowth, antitechnology movement. 

A great deal of credit for these achievements must he given to the skill 
of our work force and to the successes of our management methcxls, 
entrepreneurial vitality, willingness to take risks, and technological con- 
tributions to productivity. However, global competition now compels us 
to improve our performance further — dramatically in most instances — at 
all stages of technological and business development. 

To excel in this competition we must change our attitudes and outlcx)k. 
We can no longer assume that what's good for the United States is good 
for the worid." Also, we must change our engineering philosophy from 
one that teaches *if it ain't broke, don't fix it" to one that leaches **If 
it's working, even well, then improve it." 
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FORCES IN OPPOSITION 

While exp(menti:u changes are taking place in t^hnoiogy over tin^, 
mudi slower dianges are occurring in worid cultures, social habits and 
Jaditions, govemn^nt institutions, ami global policies. In f^t it has been 
die ^ng desire to pr^rve social tr^itions and institutions that has 
caused technological revoluti<m$ to be spread over many dec^s, even 
after iiuiustrial experti^ and ccmimercial feasibility have been well es- 
t^listed. Ti^refore, one can expect that most of t^ goals and n^ds of 
U.S. imiustry through the year 2(XX) will be driven by technological rev- 
dutions diat are alre^ in progress and in various stages of maturity. 
The more prominent include micix^lectrcmics, teleccnnmunications, bio- 
techmrfogy, nodical diagnostics and inqriante, and synthetic mateiials. 

Ti^K is growing c<m(^m that the browning gai^ in educaticmal levels 
among U.S. citis^ns will result in a widraing social stratification as the 
inftmnation revolution occurs. The ability to access and manipulate in- 
formaticm will be a key survival skill in tom(HTow*s society, and liking 
it a:>uld omstitute a fcmnidable barrier to upwaid mobility. 

Hie accelerating pace of t^hnological chan^ will also bring about 
new issues, cofK^ems, frameworks, and challenges to which global policies 
and international relationships must adjust. Intem^cmal tensions, such as 
we are experiencing now in our trade relations with Ja{^, could intensify 
as nations accelerate their effom to capitalize on new technologies, and 
^)ecia]ly if leackrship for managing chan^ is lacking. Ruben Mettler 
(1982) pomts out that ''all nations have an essential stake in a more unified, 
open and balanced w(^d ecom)my . . * A healdiy world economy that 
depends on expanding tracte won't just haj^n, we have to make it happen 
by an increasing effon to cooperate, to resolve our differences couitruc- 
tively • . . ami to reduce trade barriers even when it hurts ... We need 
i^w le^lersliip, new strategies, and periiap^ new institutions and structures 
that will enable us to leapfrog across the dismal swamp in which we fmd 
ourselves/* 

U.S. uuiustry is being challenge more now than ever befor* in the 
face of growing international competition, not only to plan strategically, 
but also to manage strategically. Yet the effectiveness of such strategic 
plans and actions depends critically on industry's ability to reliably forecast 
future changes in technology and the environment. 

Nearly all the environnwntal factors to which Industry must respond 
are subject to dramatic change. Some forces are dynamically opposed, so 
that the possible outcomes of an event can be dramatically different de- 
pending on which force should dominate. Consider, for example, the 
following forces in opposition. 
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First, Students of the Kondratieff 'Mong-wave" theory of economic 
activity ai^ue that as a result of growing world overcapacity we are nearing 
the end of a long-wave cycle, which will bring about sharper depressions, 
higher ui^mployment, shrinking profit margins, more burdensome debt 
loads, and hyperinflaticMi. Other modelers argue that the current rate of 
new job creation in die United States, spurred on by new t^hnologics 
and thriving entrejneneurship, will be sustain^ and wiU counter the next 
long-wave downturn, bringing about serious labor shcMlages in some re- 
gions of the United States over the next decade. Which model is a planner 
to telieve and a manager to act on? 

Second, in the coming years there will be a general leveling of tech- 
nological competence among the highly industrialized countries. An ever- 
increasing fiBction of t^hnological advances will occur outsicte of the 
United States. The United States will be required to adopt a fast-follower 
ratter than a leadership strategy in some technologies, not only out of 
necessity, but also out of economic advantage. Furthermore, many mul- 
tinational corporations will be mariceting to tte mw^ than 6(X) million 
people of the highly industrialized countries. In contrast to these trends, 
however, there is growing pressure on the United States government to 
protect employment by means of industrial policy, to control the flow of 
technological information, to protect emerging technological industries, 
and to pursue a policy which advocates United States domination in ail 
of the sciences and technologies, under the assumption that it might even 
be possible to do so. 

Third, many major technological industries in the United States are 
seeking partners in other countries in order to achieve a broader base for 
capital investment, technology inputs, skilled lalx>r, and market access. 
Examples of such consortium strategies can be found in the automotive, 
aircraft, nuclear, communications, and electrwiics industries. In opposi- 
tion to these trends the industrialized countries are attempting to achieve 
greater national control of new technological enterprises through taiigeting 
practices, the erection of nontariff trade barriers, and the nationalization 
and subsidization of industries. In the United States, the dismantling of 
major corporations by applying antitrust legislation, which was created 
for an isolated domestic economy, seems also to be counter to the growing 
internationalization of competitive forces. 

Fourth, woridwide telecommunications systems linked to telefX)rts and 
backbone connecting networks linked to major finance and industrial cen- 
ters are emerging. These systems will further internationalize the conduct 
of world banking, tiading in world stock exchanges, and marketing and 
distribution. More than ever before money flow will \^ equated to infor- 
mation flow, and investors, the ultimate owners of production capacity, 
will become more highly distributed around the globe. Opposing these 




ARDEN L. BEMENT, JR. 



165 



developments aie the growing contix)versies among nations over privacy 
of information, access to and rights to monitor information flows across 
tonkrs, and government control of tt^ technical means of information 
transfer. 

H^se examples represent only a few of the socioeconomic and political 
fcm^s that can dramatically alter the environment for technological change 
and iiKiustrial ^wth in the future. These forces do not represent new 
challenges to the engin^ring community, but they most likely will become 
more critical dfterminfints of how an industrial enterprise flourishes in an 
increasingly competiti ivorid. 

Fortunately, some of the emerging technologies may offer new pathways 
around some of these barriers. For example, they will permit past patterns 
of doing things, but in new, unconventional ways. They will provide new 
options for improving life-styles through added convenience, while still 
preserving social habits and tradition:*. They can make complexity more 
intelligible to all by using high technology to make prcxlucts and services 
simpler to use. These t^hnologies can bring new flexibilities to managing 
change. They car open up additional opportunities for wealth while at the 
same time conserving existing wealth. For these reasons I believe it is 
critically important for the newly selected Engineering Research Centers 
to include in their curricula the study of how technological changes in 
their fields should be managed in the face of prevailing social, economic, 
and political forces. 

U.S. INDUSTRY IN TR/NSITION 

The law of dynamic competitive advantage requires that American in- 
dustry constantly introduce new products, processes, and services if it is 
to remain at a high level. This will require either devising new technologies 
or using existing technologies in innovative ways. 

I believe the information revolution has the greatest potential for chang- 
ing the course of industry in the next 15 years, primarily because it is 
already doing so. New information technologic.^ are already linking the 
factory with the office and the home, and are bringing about changes in 
the industrial value chain. 

The value chain in this context consists of those activities that add value 
in the industrial enterprise: materials and services; product design and 
develofMTient; production; distribution, marketing, and sales; and after- 
market operations. Information technology is dramatically changing the 
relationships among the links of this chain. 

First, information technology is making the interfaces among the links 
more transparent and superfluous. For example, product and manufac- 
turing engineering are already being merged into single engineering units 
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in many manufacturing divisions. Common data bases are also being 
designed to accommodate information flow all along the value chain from 
order entry to prcKiuction sch^uHng, f^tory routing, inventory control, 
and fmal customer billing. 

Second, information technology in the form of direct terminal linkups 
is extending the value chain to include suj^liers at tte leading edge and 
users at the trailing edge. These extensions of the value chain to sui^liers 
and customers are stretching around the world to facilitate world sourcing, 
mariceting, and distribution strategies. 

Third, information technology in the form of privately owned local and 
long-distance telecommunications networics is permitting a greater number 
of bypasses, or shortcuts, through the value chain. Therefore, it is be- 
coming more cost-eflfective to allocate noncritical operations to external 
suppliers and service companies, to distribute knowledge-woricer assign- 
ments throughout a company, and to implement nationwide and woridwide 
production and cqmxiuction strategies, 

Uriited States industry is already exploiting economies of scope in ad- 
dition to the previmisly achieve economies of scale. As a result, service 
and production industries arc l^:oming more interdei^ndent. Also, by- 
passes arc teing sought in marketing, transportation, distribution, and 
warehousing to force greater convergence of manuf^turing costs and fmal 
retail costs. For example, the increasing use of tclemail ordering from the 
home is already bypassing the distiibuticMi link. 

Also, integrated transportation companies ire emerging. Through the 
use of distributed information networks they can selwt the oiHimal delivery 
method, use storage buffers along the deliveiy chain to best advantage, 
and provide continuous tr^^ility of die tran^»<Mted items. The^ changes, 
plus the full implementation of **just-in'time'' inventory management by 
United States industries, will make it increasingly cost-effective for more 
foreign companies to locate their production facilities in the United States 
in order to sell to United States markets. 

THE FACTORY OF THE FUTURE 

The factory of the future is not a new concept; it has been evolving for 
more than 30 years. It is generally imagined to contain highly integrated 
manufacturing cells consisting of machine tools, robots, automated ma- 
terials handling systems, distributed sensors, and a number of digital 
cOTtrollers. In general, these cells would be controlled by a model-driven 
computer-aided design and manufacturing (CAD/CAM) data base. Ad- 
ditional control programs would be introduced into the cell to provide 
diagnostic functions that anticipate breakdowns and provide cell control 
throughout upset conditions, with or without human intervention. Ideally, 
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material stock and information would be fed into flexible manufacturing 
cells and parts would come out. Such highly tuned cells are considered 
the key to attaining increased protluctivity and quality, r^uced lead time 
for producing a new product, improved reliability of production, and 
reduced manufacturing costs. To be complete, however, the factory of 
the future must be a fully integrated system rather than just islands of 
automation* 

Integrating the factory of the future will depend on the following kinds 
of control: 

• adaptive cmtrol for machining cells 

• real-time control of material and information on the factory floor 

• pnxluction planning ccmtrol, including scheduling, inventory control, 
imterial requirements planning, and capacity adjustment. 

Altiiough several plants arcHind the world approximate the factory of 
the future, most of these currentiy face major baniers to implementing a 
fully integrated, computer-based control system. These barriers include: 
the cost and complexity of available software; the lack of interfacing 
stamiards; the lack of appropriate control algorithms and nKxlels for system 
integration; and the lack of exf^rt systems for <^timal scheduling and 
routing. 

For a number of reasons, then, fiilly automated factories are likely to 
be the exception rather than the rule even by the year 2(XX). In industries 
that have ft^uent na Jei changes, the time and cost neceswy to program 
new software for such changes may be prohibitive* In some plant layouts 
the manuf;»:turing cell operators, assisted by data displays and decision 
aids, may be able to control production more economically and with a 
greater dynamic span of control than a hierarchical computer control sys- 
tem might. Finally, in some cases full automation may not be warranted 
because it will not contritnite sufficiently to the value of the product to 
justify the investment. 

In the future some emerging technologies, many of which are already 
in use, will add substantial value to manufacturing operations: 

• Net and near-net s.iape fabrication methods will reduce materials use 
aiKi minimize n^tal removal operations. 

• Improved cutting tools, tool wear sensors, adaptive grinders, and 
improved abrasives will greatly increase the sf^ed of metal removal op- 
erations. 

• Advanced lasers will speed up drilling, cutting, and welding and 
joining operations. 

• Plasma deposition and buildup processes will replace some mechan- 
ical assembly operations with chemical assembly procedures. 

• Advanos^ surface nKxiiftcation techniques using physical and chcm- 
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ical vapor deposition, ion implantation, and directed energy beam an- 
nealmg will impart better wear, abrasion, and corrosion resistance. 

• ImjHt>ved computer meUiods of piw^s modeling and simulation will 
speed up prcx^ess design and automation. 

• National data bases on the properti^ of materials, based on funda- 
mental behavior models, will greatly r^uce the time required to test and 
evaluate the use of new materials. 

• Automatic tape-laying machines and advanced polymers will make 
possible the manufacture of high-volume composite parts. 

• Highly agile, coordinated rcrfxHs will be increasingly used in assembly 
operations. 

Moreover, the cost structure for manufacturing operations could change 
dramatically over the next 1 5 years for small and medium-sized companies. 
Because of the prcAibitive costs to these companies of hiring the talent 
needed to revamp their manufacturing technology, "specialty houses" 
are being established to respond to their demand for t^hnical help. In the 
future such houses may offer not only engineering consulting services, 
but also control, communications, and inspection modules; software; 
equipment rebuilding services; machine tool rentals; and data-base man- 
agement services. Through these services some manufacturers may opt 
for a higher ratio of variable to fixed costs, so as to respond more quickly 
to changes in the business cycle and in technology. Furthermore, as steel- 
collar workers displace blue-collar workers, direct labor may become more 
widely regarded as a fixed cost. 

THE STEEL INDUSTRY OF THE FUTURE 

The steel indusuy is in a *:ate of ferment, in spite of the restructuring, 
downsizing, and refocusing of large, integrated steel mills going on today. 
New technologies are emerging that will enormously improve quality, 
productivity, and product performance while reducing energy and capital 
costs. 

New information technologies, which can improve the understanding 
of steelmaking processes and help eliminate processing defects, can greatly 
improve quality, productivity, and production costs. The steel industry 
and the federal government have set a standard for coof^ration in esiab- 
lishing programs in advanced sensor development. Tliese programs prom- 
ise to provide sensors thai will withstand hostile environments, to make 
possible the continuous analysis of liquid steel chemistry by laser spec- 
troscopy, and to permit monitoring of temperature distributions throughout 
large, hot b^xlies. 

Microprocessors are also being applied to real-time process analysis 
and control so as to improve production yields and product compliance 
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with engineering standards. Tt^ use of x-i^y tomography can permit letter 
dimensional control of mill products, and reduce the amount of excess 
steel given away to the customer through lack of control. New, in-line 
nomiestructive characterization methods, which can detect defects in in- 
canckscent steel during production, will eliminate the need io cjI down 
steel at intermediate t^^down stages for cold inspection. 

New concepts in steelmaking under pilot development around the world 
are signaling future dramatic changes in the industry. One potential break- 
diiough is the substitution of coal for coke in the direct reductioi of iron 
OK, The develc^ment of improved refractories that are less reactive with 
liquid steel, as well as improved ix)uring n^thods, advances in deoxidarion 
practice, and more extensive use of vacuum degassing and ladle process- 
ing, will letKl to cleaner steels. These st^Is will have a lower content of 
sulfur and mher undesirable residual impurities, lower i^tained oxygen 
content, and improve inclusion control* 

The steel industry has already achieved major advances in productivity 
and cost reduction by installing continuous casting facilities. It appears 
that gains from future developments will be even greater. The continuous 
casting of thin slabs and strip, which will eliminate the need for primary 
breakdown mills, hot strip mills, and reheat furnaces, will result in further 
dramatic reductions m capital and operating costs. 

In^>rovements in the chemical homogeneity, microstructural refme- 
ment, and porosity control of these near-net shape prixlucts will be pro- 
vided by continuous magnetic stirring and rapid celling during the 
solidification process. 

The development of dual-phase steels, which has enabled significant 
weight reductions in automobiles, has been a major succe«^s story for the 
steel imiustry. However, the full potential for strength improvements and 
property uniformities needed by the automotive industry for improved 
formatility is only now being made possible by the installation of contin- 
uous heat-treating lines. 

Finally, parallel advancements in electrogalvanizing technology, to pro- 
vide improved laminated and alloyed zinc coatings for corrosion protec- 
tion, will greatly extend warranty times against cosmetic damage and 
coating perforations. 

I see the next 15 years as extremely challenging for the steel industry — 
certainly a time in which the industry can demonstrate lo the nation that 
technological revolutions also come to mature, basic industries. 

CONCLUSION 

In looking at the future of U. S. industry 1 lend to be optimistic . The 
United States is still the strongest nation in technology in the world, and 
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we arc getting better si using this technological strength competitively. 
As Ruben Mettler (1984) observed, **Global competition compels all of 
us to imj«rovc our performance in all aspects of cnir businesses. This 
includes making use of all that technology can bring to our products, 
pnxesses and managen^nt. TTw challenge is not whet)^ to q^timize 
techndogy but how to develqp and ^lect what's best for wr pwposes, 
how to control the cost of using it, and bow to finai^ it, all tte while 
earning enough profit to continue to invest and compete in wwld markets 
on a sustained basis."' 

A major part of diis challenge is to remain aware of technological 
ctevelopn^nts around the world. Our universities repr^ent tte best means 
for doing this. Om great research universities combine the fimctiOTS of 
education and basic research. They have long been loctestones for the best 
scientific and engin^ring students, faculty, and te^archers from around 
the world. As a result, our of^xmunities for exchanging ideas and being 
exposed to the world's twhnologies are gready enhanced. These oppor- 
tunities should be nurtured rather than restricted. 

The number of models for university-industry interacticms have prolif- 
erated in recent years, easing the confection between the industrial re- 
searcher aiKi the univ^sity investigator. While the Ministry fw Intemati<»ial 
Trade and Industry (MITI) develops die national strategies for targeting 
technologies for economic growth in Japan, the United States has aheiKly 
<tecentralized this process. Most slate development offices are f^eparing 
regional targeting strategies with the close iwticii»tion of business and 
university leaders. To add to our present Silicon Valley, they are actively 
planning the architectures for biotechnology, polynwr, microelectrwiic, 
and intelligent manufacturing valleys, using a great diversity of instim- 
tional models for technology develq)ment, transfer, and reduction to prac- 
tice. 

The Engineering Research Centers sponsored by the National Science 
Foundation are centers of excellence that can provide impetus to our 
national engin^ring research. Most important, these Centers have a re- 
sponsibility to provide leadership in developing the new curricula that will 
educate future engineers who can translate our visions into reality. 

Notwithstanding the progress already made, the nation still has a major 
task ahead — that of reequipping our university engineering research lab- 
oratories. It is not enough for our universities to model industrial processes 
and manufacturing operations with computers or simple prototypes. They 
must also have facilities of a scale sufficient to support the development 
of advanced industrial process equipment, machine tools, metalworking 
equipment, control systems, instrumentation, and software. 

In my university experience 1 have sensed how the excitement and 
challenge of electronic devices, microprocessors, advanced sensors, ro- 
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h(As, oMtrol systems , tnd aitiftcial intelli^nce have contributed to at- 
tracting top students to engineering. If our public and private sectors 
coop^Btively support and sustain the enthusiasm of this talent, our nation 
will go a long way toward meeting its goals and needs in a technologically 
competitive world. 
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A Mature but Rejuvenating Industry: 
Expectations Regarding the Engineering 
Research Centers 



W. DALE COMPTON 



The question of the proper relationship between engineering practice 
and research has been effectively addressed in a number of papers. I have 
a somewhat similar conflict in concepts to discuss — namely, the expec- 
tations of an industry that is at once mature and rejuvenating. After alU 
maturity means having attained trie normal peak of natural grov^lh and 
development/' while rejuvenation refers to change. 

So I am discussing the rejuvenation of something that is mature: ele- 
ments of industry that are trying to return to their adolescence, in a sense, 
and to recapture a greater flexibility and a greater capability for innovation. 
It is in this context that one may ask, what do these industries expect to 
gain from the Engineering Research Centers (ERCs)? 

It is useful to reiterate a few pK>ints made in other paj^rs. While it is 
difficult to generalize about any large segment of an industrial complex, 
we can fmd some common traits among a number of our mature industries, 
including the automotive industry. 

First, mature industries are experiencing increased competition from 
overseas suppliers. The reasons, as Professor Quh.n's paper points out. 
are relative labor costs, the relative value of currencies, tax policies of 
various governments, and even the targeting of markets by other govern- 
ments. 

A second characteristic of mature industries is the growing need to meet 
demanus on the part of customers for improved product quality. Tl^ 
reason? The customer simply will not accept poor-quality products, let 
alone shoddy products. Perhaps a more important— cenainly an equally 
important — reason is that producing a high-quality product costs less than 
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rej^ng a pcx>riy manufactwwl product. This relates directly to the total 
cost of manufacture. 

Tte third common characteristic is an increased use of technology as 
a tool for improvmg competitiveness. The reason? Technology must 
used to offset some of the local advantages of overseas competitors. There 
are few alternatives, and furthermore, through technology the U,S. man- 
ufacturer may be able to offer a variety of products that can more effec- 
tively compete in the maricetplace. 

How are the mature industries attacking these problems? How are they 
achieving cost reductions? Basically, every aspect of the business is being 
examined. New management tools a.e being used, and as I have noted, 
technology is increasingly being used to help reduce costs. Quality is 
being upgrade. We now understand far better than before that a product 
must be designed to meet the customer's needs. It must be designed so 
that it can be manufacdjred; and it must well manufariured. Therefore, 
the entire f«t)cess from product conception to final manufacture must be 
understood to be an integrate system. 

Flexibility is being emphasized. Many of our mature industries have 
large capital facilities. The st^l, aluminum, glass, automotive, chemical, 
and aircraft industries are all examples. We are learning that facilities 
must be designed to accommodate change at a more rapid rate than we 
ever experienced tefore. Today it costs the automotive companies between 
$700 million and $1 billion to build a new engine plant. TTiis is a sizable 
percentii^e of the $2 to $3 billion it costs them to create an all-new vehicle. 
We simply have to build flexibility ir* our facilities so that those in- 
vestments have a longer pericxi of u^e. 

It is appropriate to ask how an Engineering Research Center — no matter 
how big, no matter how good — can help with the efforts toward cost 
reduction, quality, and flexibility? 

First ami foremost, ERCs can offer faculty and students an understand- 
ing of the total system and its complexity, from product conception through 
design and development to final manufacture. Furthermore, they can pro- 
vide a broad understanding of prcxluctivity and how it translates into 
competitiveness; they can demonstrate that productivity is imp^)riant in 
all leases of the process, not just in the final stage called manufacturing. 
The ERCs provide an opportunity for an in-depth look into the total system. 
As Roland Schmitt has noted, they provide that laboratory experience for 
engineering ftudents that has been missing for far too long. 

S^rond, through their research the ERCs can furnish industry with 
improved general techniques and tools — tools to handle, to manipulate, 
and to control large and very complex systems. 

By way of example, consider the case of a large company that may be 
carrying an inventory exceeding $1 billion. With the cosi of money today. 
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that inventory costs around $100 million a year to maintain. Inventory 
needs are determined by a large number of factors — e.g. . the c^Hions Aal 
OTC offers in the jxtxiuct, the reliability of the supply base for materials, 
and the distance Iwtween the supplier and the factory that u^s those 
materials. 

To elaborate on the point about ojMions: if you look at an auton?otive 
assembly plant, the normal line produces about 60 vehicles per hour; that 
translates into roughly 400,000 • nicies a year. Thus, one of the Ford 
Escort assembly plants could build roughly 1 .2 million vehicles over three 
years. With the option content that is currently available for the Escort, 
that plant could operate for nearly thrre years and never build two identical 
whicles. A natural question arises: How much do those options actually 
cost? The simple answer is that we are lot certain. We simply do not 
have adequate tools to determine the value of eliminating a particular 
(^ion or the cost erf adding another one. We have some general guidelines, 
but we really do not have a sufficiently quantitative description of the 
system to be ^le to offer that kind of analysis. 

Another example of how the ERCs can be invaluable in the area of 
tools and techniques concerns the t«;hnology of robot installation, as Dr. 
Hackwood emphasizes in her paj^r. We regularly make decisions as to 
whether certain welding processes are going to include robots. Now, some 
design changes are made in automotive vehicles each year. Those changes 
may rwjuire modifications in the assembly process. If the assembly line 
has a robot in the line at a point at which the line must be changed, it 
frequently costs more to move the robot than it did to buy it in the first 
place. Such factors may be critical in deciding the level of automation 
that is to be introduced. Cost trade-offs have to be made. 

These examples emphasize the need for better tools, for better models, 
and for better simulation techniques for designing the product and man- 
ufacturing it. We welcome the trend that we see toward revamping the 
industrial engin^ring curricula in this country. The new emphasis on 
modem manufacturing can make great contributions in U^ining j^ople to 
help attack these problems. 

I hope that the list of topics generated for the 1987 ERC program 
announcement will contain a number of generic issues that are directly 
relevant to our so-called "•mature" industries, 1 also hope that we will be 
generous in our interpretation of relevance, and not make too great a 
distinction between maf - e and emerging industries and their relationships 
to the ERCs. 

To illustrate this need for applying general criteria, 1 wonder how many 
of the six currently funded ERCs would be readily identified as relevant 
to the mature industries. Probably not many, and yet they all are. From 
an automotive point of view, the composites being studied at Delaware 
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are the materials of the future, not just for hang-on panels, but for structural 
items. Hie systems woiic at Maryland is of direct relevance and of great 
impcntam^ to die understanding and control of our tot^ systems. The 
effort on integrate circuits n^ufacturing automation under way at Santa 
Baitera is of direct interest. Hie automotive industry will continue to be 
one of tte very largest users of integrated circuits. We design our own 
circuits; we have to know how they are going to be manufactunwl. 

The omjHiter-based intelli^t manufacturing systems woiic at Purdue 
is of obvious impratance. The effort on networks at Columbia has long- 
term implications for our industry. As a multinational company, Foid has 
a conununicati(Hi f>roblem that is immense, particularly as we move toward 
an all-electronic system and away from a paper system. Finally, the bio- 
technology effort at MIT can impact the development of new fuels, new 
materials, new ^Ihesives, and so forth. 

Thus, in making those lists I hope the National Science Foundation will 
be careful about compartmentalization. Relevance is sometimes difficult 
to gauge. 

We should not exj^t the ERCs to solve specific, immediate problems. 
That is industry's task. But the ERCs can help create a new state of mind 
in students — a new outlook and a new approach — so that they will be 
better able to solve those prc^lems when they join us. 

Rejuvenation is a traumatic experience, but for some of us in the mature 
industries the alternative is even less attractive. As our mature industries 
strive to become more competitive, we need tow employees who have 
experienced some of the aspects of a rejuvenated engineering education 
and a rejuvenated research experience. That, it seems to me, is what the 
ERCs are all about. 
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A Growth Industry: Expectations 
Regarding the 
Engineering Research Centers 
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The Semiconductor Research Corporation (SRC) welcomes Uie estab- 
lishment of the Engineering Research Centers (ERCs) by the National 
Science Foundation (NSF). These Centei^ offer the potential for strength- 
ening the engineering capabilities of the United States and enhancing the 
comfit it ive jX)sition of this country in important segments of industry. 
No industry is more aware of the nwd for strengthening its competitive 
position than tte integrated circuit Industry represented by the SRC. Through 
the SRC, the integrated circuit industry has established '^centers of ex- 
cellence," with some similarities to ERCs. At the same time, those uni- 
versities that have been selected to operate an ERC have been given a 
unique opportunity. If they do not use this opjK)rtunity to develop improved 
institutional environments for applied resear h, we will all lose. 

The functions and complexity of integrated circuits continue to increase, 
and arc the key elements for systems thai will allow us to understand, 
manage, and control information and activity in many areas of human 
endeavor. For this reason we tend to equate the integrated circuit industry 
with the information technology industry, and to telicve that United States 
success in integrated circuits will be central in future economic growth. 
The integrated circuit industry looks to the universities for three important 
resources; well-trained graduates, new ideas, and high-quality research 
results. University research centers that have a concentration of effort, 
experience, facilities, and skills are the primary source of such resources. 
These centers supplement much larger research efforts in industry and 
government laboratories that are generally more strongly focused on goals 
and products. 
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OPPORTUNITIES FOR ERC UNIVERSITIES 

There are thuee overlying opportunity areas that a univereity of^rating 
m ERC should ^dress: motivation « management, and growth. 

The nwtivation opportunity is related to the structure of the university 
and its reward system. Most universities are now structured around dis- 
ciplire-oriented departments, and a faculty member's stature and rewards 
are strongly focused on personal achievements as determined by peers 
within the discipline. However, progress in engineering research oft^ n 
demamls strong interdisciplinary collaboration and the sulK)rdination of 
individual goals to those of a team. The careers of some faculty members 
have been adversely affected when they gave priority to such collabora- 
tions. Such experiemres predestine a research center to a limited existence. 
A new approach to motivating the best faculty to participate in Center 
research may do mott than anything else to make an ERC successful. 

A second opportunity relates to the stature of a Center within the uni- 
versity. Research centers in general are all too often supported by de- 
partment chairmen only until they in some way threaten the departmental 
control of funding or staff. Then the support may erode, and the center 
ends up with inadequate st^f or resources, and ultimately disappears. 
Ttere must be strong motivations for continued departmental support of 
research centers, encouraged by university administration. Despite the fact 
that universities have b^n widely recognized as sources of expert con- 
sultation on management, it is generally accepted that universities are 
poorly managed. 

Historically the university has been a loose confederation of scholars. 
In the modem world, universities have become big businesses. The annual 
research expenditures at MIT are about $2(X) million, and there are more 
than 50 U,S. universities at which they exceed $5 million. For most of 
these funds the university has the contractual responsibility. It fulfills the 
responsibility by delegating the responsibility to faculty members. Re- 
sponsibility for i^rformance and deliverables are placed completely in the 
hands of the performer, with minimum, if any, oversight. Results are 
fM'edictable. Contractual requirements are often neglected and research 
commitments left unfulfilled. On the other hand, the quality of the research 
product depends largely on the freedom of the individual faculty member. 
If increased management were to decrease the quality of research, it would 
be the equivalent of shooting oneself in the foot. 

The Engineering Research Centers will depend on gcxxi management 
to be productive. That follows from the pmblem-^solving nature of engi- 
neering research. The opportunity is for universities, perhaps calling on 
wme of their expert consultants, to find mechanisms for better manage- 
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iwnt of their enterprises while preserving their research quality. Fifty 
percent of ac^emic research expenditures in enginwring are concentrated 
in the 14 top schools. In research related to integrated circuits, the SRC 
identifies 6 schools in the top tier of research c^bility. One dTjective 
of the SRC, and of the NSF in establishing the ERCs, is to elevate the 
research productivity of additional universities. This is a challenging goal, 
almost too challenging. The research environment that attracts excellent 
faculty and the best graduate students to a given school evolves over a 
long time, and requires \xAh strong technical leadership and a committed 
institutional structure. The universities at which ERCs are being located 
should, in a few years, among the top universities in their technical 
areas as well as in broader areas of engineering research. 



CENTER OPERATIONS 

The specific attributes that a research center requires to meet the ex- 
pectations of its constituency include a unique purpose, goal-oriented 
rMearch, problem identificatiwi, effwtive dissemination ^tivity, and good 
management. 

The university nwdel for a research center is often to define an area of 
interest and to gather faculty participation within this area. The spwific 
agenda then is defined by the interests of the faculty and is often a rela- 
beling of ongoing research. The SRC nKxlel for a research center includes 
ctefining a unique goal or purpose, defining a research vehicle for dem^ 
onstrating progress, establishing the relev^ice of various re^arch tasks, 
and an effective management structure. Under the contractual aegis of the 
center the SRC at times supports re^arch unrelated to the focus of the 
center, but this is separately reviewed and evaluated. The uniqueness of 
the center goal recognizes that increased benefits will resuh if different 
centers work on different things, and that there are an adequate number 
of macroengineering problems to |Miovide a unique problem for each of 
the centers the SRC can establish. In our view, the goal of an Engineering 
Research Center should be nrore than that of defining an area of research. 
For example, the SRC-Comell Center for Microscience and Technology 
has as its goal the demonstration of 0.25-micron silicon technology in a 
configuration compatible with a 16-megabit dynamic random-access n^m- 
ory (DRAM). 

The goal orientation of the research is perhaps what should distinguish 
an ERC from materials or science research centers that are more funda- 
mentally oriented. The goals for the various research tasks perform^ 
within the ERC and their relevance to the Center goal should be clear. 
The goals should be assigned target dates, as in an industry research 
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Inject. This ammgen^t would provide excellent training for students 
by im>viding realistic discipline. 

PnH)leni ictentification is a qok concern of Engineering Research Cen- 
ters. Histcuy is rife witii solutions to nonexistent (:»x>bienis« and we arc 
incfeasingly ^waie that n»K:h research merely repeats pric»' research. Lik- 
ing OTiniptrtent information teses, the Engineering Re^arch Centers must 
build strong external constituencies fOT theh- research in order to remain 
relevant and u^fiil. Th& q^rtunity here is to define a role for universities 
in engii^ring research that does mA compete directly with that of industry, 
tnit whkh contributes in important ways to industry's generic research 
base. At the same time, tte Engineering Research Centers must deviate 
fhmi tte tr^tional university mocte of ^Idressing collections of small 
problems to focus on the lai^r, nwre complex, and more important 
prc^lems of today's industry. To take an example from SRC research, a 
large jHoblem is the efficient and rapid transfer of data among the parts 
of a multin^gadevice silicon chip, while a small problem is to identify a 
better interconn«rt material. HutHigh interactions with the industry that 
uses research results, real industry problems can be identifi^. 

^ective dissemination may require going an extra step l^fore research 
is usable by an iiKlustiy. This may cOTsist of carrying the research to a 
more advanced state or presenting it in a different form. The SRC has 
found that joint meetings of university and industry specialists, special 
short courses to help transfer newly developed technology, and the SRC 
electronic dau base are elective additions to tiie normal channels of 
technical communication. Most important, ;he interaction is not neces- 
sarily between peers, as is normally the case among university researchers, 
but may entail a specialist communicating results to a nonspectalist or to 
a specialist in a different field. These types of conmiunication are morc 
difficult. 

Center management is crucial to the EkC's success. In the past a major 
failing of research centers has been tiiat a center became too dependent 
on the personal attributes of an individual duiector, if he d^ided to go 
s<Mnewhere else, die center ceased of^ration. The director must have the 
respect of the center's investigators and sufficient authority to focus the 
research on the defined goal; yet a managen^nt structure that provides 
ccHitinuity and stability must also be develop^. 

EXPECTATIONS OF A GROWTH INDUSTRY 

Tl»e integrated circuit industry is a growth industry. Often an industry 
downturn such as we are now experiencing really means that revenues are 
flat ratl^r than increasing 20 percent a year. An unfcMtunate attribute of 
a modem high-technology growth industry is that there is ample com- 
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petition both nationally and internationally. Until recendy, the United 
States had a comfortable hold on two-thirds of the world market for 
semiconductors. Now both the fraction and the comfort level are lower. 

A growth industry looks to the Engineering Research Centers for added 
input and support so as to compete more efTectively and to continue 
growing. The three bases of these expectations are ideas, graduates, and 
research results. Son^ discussion of each of ti^se bases is in order. 

It has been observed that the i^st ideas in any field often come from 
outside the field simply because the internal researchers know too many 
things that can*t be done. This is a simplistic statement, but often truu. 
Excessively specialized knowledge often inhibits innovative thinking. In 
addition, the nonspecialist often may know of developments in otJ^r tlelds 
that can be applied to the problems at hand. University-situated Engi- 
neering Research Centers have access to a wide variety of knowledge, 
and their staffs are not exposed to some of the inhibiting constraints found 
in industry. For these reasons many seminal ideas have originated in 
university laboratories, and it is natural that we look to the Engin^ring 
Research Centers for results. It is important, of course, that Center research 
address ideas that are applicable to real industry problems. 

Graduate students entering industry have spent five years focusing on 
a given subfield of their discipline. They have performed original research 
and gained considerable perspective. An industry employer benefits when 
a graduate's field of concentration is directly applicable to the industry's 
technology base. Through the employment of the graduate, technology is 
transferred from university research to the industry. If the field of con- 
centration is not a directly related field, little if any technology transfer 
occurs. Although graduates can and do change areas of specialization with 
ease, there is a big difference when a career becomes an extension of 
university research. Thus the alignment of the Ceraer's research with the 
needs of a client industry becomes moie important. The high value of the 
graduate to the industry also increases the incentive to mvolve as many 
students in the research as jX)ssible. As one figure of merit, the SRC has 
used the ratio of total contract costs to the number of graduate students 
participating in the research. 

Research results are difficult to evaluate because often they pass through 
r^any hands tefore finding final application. The applicability of university 
research varies widely from field to field. In the field of integrated circuit 
technology, for example, the software engineering from computer-aided 
design efforts is often directly appPed by industry. This is also true of 
system architecture, as in the Intel commercialization of the Cal Tech 
hypercube architecture. In priKCss-related research — such as dry etching, 
ion implantation, and low-pressure oxidation — it is sometimes difficult to 
track a given result to its eventual application. As a result, advances in 
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processes and device technology may have many sources. For the Engi- 
neering Research Centers it is important to understand the means by which 
iKearch resulte will be transferred and applied to particular fields. 

In conclusion, the Engineering Research Centers and their universities 
have the opportunity to make a significant difference in the engineering 
research world and in their client industries. Strong institutional support 
aiKJ attention are required for these opportunities to be realized. The entire 
engineering community will be watch'ng with anticipation for the results. 



Biotechnology and the 
Hedithcare Industry: 
Expectations for Engineering Research 



STEPHEN W. DREW 



The United States holds a commanding lead over other nations in the 
biological sciences, especially in the area of molecular genetics. Yet while 
opportunities in the worldwide market for commercial biotechnology are 
exciting, the United States faces severe engineering limitations that affect 
its ability to maintain world dominance in this field. Other papers in this 
volume describe engin^ring research in fields that enable us to place 
complex robotics and advanced telecommunications systems in composite- 
material vehicles that can orbit the earth in 90 minutes. Other research 
has led to systems that produce solid*state devices capable of processing 
up to one trillion bits of information in a second, and which, as aggregates, 
begin to approximate human intelligence. In stark contrast to these striking 
synthetic creations, we live in a biological world in which the engineering 
of biochemistries has barely begun. 

HEALTHCARE: THE PHARMACEUTICAL INDUSTRY 

Dt>mestic expenditures for healthcare in all categories exceeded 10 
percent of the gross national product for the first time in 1983. One of 
the major healthcare industries, pharmaceutical manufacturing, fwuses 
on the discovery and development of drug treatments for the prevention, 
cure, or moderation of disease states. The U.S. pharmaceutical industry 
participates in a worid market for human and animal healthcare drugs that 
exceeded $35 billion in 1983, and which is expected to maintain steady 
growth. The United States is a net exporter of pharmaceuticals, although 
the rate of net export growth has slowed in recent years in the face of 
increasing international competition. 
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Biotechnology associated with new drug discovery, drug design, drug 
synttesis« and scale-up to inanufacturing is an integral part of this industry. 
Biology has always play^ f\ central role in the discovery of new drugs, 
Furtl^rmore, the engineering of biological systems played an impor- 
tant role in drug manuf^ture, accounting for roughly 23 j^rcent of annual 
sal». Biolc^ical routes to new products will b^ome more and more 
important as we move toward the new century. 

The pharmaceutical industry has been the first to feel the impact of a 
revolution in the biological sciences. The enabling science and evolving 
technology of genetic recombination have bwn the mo»t evident aspects 
of this revolution; they have catalyzed an explosive growth in our knowl- 
edge of how disease states evolve, advance, and can be counteracted or 
{^evented* New, more effective discovery screens (testing strategies) for 
pharm^logically active compounds have been develop^, and a wide 
variety of compounds with the promiw of high medical and comn^rcial 
value have been identified. 

Startling advances in molecular biology have spurred th ? growth of 
bi(«echnology, but the insights, opportunities, and challenges are by no 
means limited to molecular genetics — they reach far beyond the cunent 
applications of molecular genetics. A full partner in the intense research 
in new biology, and fueled by unfolding insights into the mechanisms, 
advance, and control of disease, the pharmaceutical industry is hurtling 
toward the future. 

ENGINEERING RESEARCH IN BIOTECHNOLOGY 

While basic research in the biological sciences has accelerated dra- 
matically in recent years, engineering research in biotechnology has lagged 
seriously in the United States, The current focus of engineering research 
on process development and scale-up to manufacturing has kept pace with 
i«w product discovery, but the "margin of comfort" between the com- 
pletion of process development and licensure has dwindled. The trend 
towani more complex product chemistries, higher product purities, and 
increased product stability will only exacerbate this problem and make 
process economics even more uncertain. The challenge to the engineering 
community is clear: we must increase engineering research in biotech- 
nology to keep pace with the explosive growth in the biological sciences. 

Manufacturing 

Engineering research in the manufacture of biological products has 
focused on four major areas: (I) bioreactors, (2) prixluct recovery, 
(3) pnxress control and optimization, and (4) drug delivery systems. 
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Through more than 40 years of exj^rience there have evolved techniques 
for the scale-up of classical subn^iged fermentations (the vast majority 
of which are aerobic). The industry currently has substantial fermentor 
(bioreactw) c^^ity designol, for the most part, for slow, low-density 
fermentations. Much of the equipment is more than 20 years old, but 
continual upgrading has kept it usable. Still, most of this capital equipment 
ultimately limits process performance bwause of a poor-to-marginal de- 
sign capability for mixing viscous fermentation broths or for achieving 
high oxygen and/or heat transfer rates that would allow faster, higher- 
density fermentations. Many of the new r^mbinant DNA microorgan- 
isms possess characteristics that could, biologically, support rapid, high- 
yield fenrontations. As new products from such hosts move toward man- 
ufacture, major improvements in bioreactor design will he required. Mmy 
questions — both new and old — remain unanswered in this mature field 
of inquiry. 

The technique for recovery and purification of low-to-intermediate mo- 
lecular weight (500 to 5,000 daltons) compounds is also fairiy well de- 
veloped. Nevertheless, there arc many oj^rtunities for improven^nt thnnigh 
a better understanding of the principles of liquid/liquid and solid/liquid 
separations applied to these delicate drugs. Extraction, crystallization, and 
chromatography are old friends to the biochemical engineer; but the need 
for higher purities, lower costs, and minimum environmental impact will 
ctemand a level of performance that is not currently available. 

The recovery and purification of macromolecular products presents spe- 
cial challenges that are only partially met by today's engineering tools. 
The activities of biopolymers — whether physical, chemical, or immu- 
nological — depend on precise conformation, starting with primary struc- 
ture and proceeding in many cases through quaternary structure. We km)w 
very little about the factors in product recovery that influence macrom- 
olecular folding (or misfolding). and even less ahoxit the potential for post- 
biosynthesis restructuring or modification of proteins and other biopoly- 
mers. The requirement for high purity is particularly demanding, since 
nonproduct macromolecules may possess physical and chemical charac- 
teristics that are quite simitar to the product of choice. 

Prutess control technology in the pharmaceutical industry has kept pace 
with the advances in the chemical process industries. In most cases the 
control capabilities for batch operations exceed those in other industries. 
Yet while process control of bioreactors is rapidly maturing, the directed 
control of discrete cellular biochemistry in bioreactors is grossly immature. 
Optimization of microbial processes has proceeded in a largely empirical 
fashion over the last 40 years. The efforts have been remarkably suc- 
cessful, but the pace of development ultimately limits the potential of 
bioprcKess engineering. Engineering research can help by fcxrusing on the 
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kinetics, thermodynamics, and pathway coordination of microbial pro- 
cesses. Some valiant efforts at bioprocess mtxieling and structured optim- 
ization have been made, but much more fundamental work is needed. 

The development of systems for drug delivery has become an important 
area for engineering in the pharmaceutical industry. Engineering research 
(Ml the movement of molecules in human and animal systems is required 
so that more effective ways of maintaining optimum dose, minimizing 
side effects, and directing drugs to their targets can )x found. 

Drug Design and Synthesis 

The use of aerobic fermentation in the biosynthesis of pharmaceutical 
agents is well established, and many of the comments above relate to this 
route to new drugs. The advent of powerful new techniques of genetic 
recombination makes possible the synthesis of exotic mammalian proteins 
in simple microbial cells by using classical fermentations. Drug modifi- 
cation by single-step biotransformation (hydroxylation, group elimination, 
etc ) is well known, if infrequently applied. Unfortunately, the process 
engineer has taken a predominantly advisory role in the development of 
these chemistries, in contrast lo the leadership role taken in scale-up of 
the process. The power of biochemical synthesis is l<x> appealing to allow 
this trend to continue. 

The future will see increasing constraints on commercial synthetic chem- 
istry. While chiral synthetic technique breathed new life into the organic 
synthesis of new drug.>, the trend toward more complex chemistries is 
likely to continue. Goal-oriented engineering research can help to identify 
biochemistries that can extend the range of more classical organic chem- 
istries. Biochemistries that can spare the use of expensive {and occasionally 
toxic) solvents and reagents are needed. Biochemistries that function ef- 
fectively at high substrate concentration in organic solvents or in mixed 
aqueous/organic systems are needed. Biochemistries that function over a 
wider range of temperatures are needed. 

Opportunities in the engineering of process biochemistries abound, not 
just in the commercial-scale synthesis of drugs, but in drug discovery and 
drug design as well. If any criticism can be leveled against the biochemical 
engineering community it is that we are not sufficiently in tune with the 
chemical potential of biotechnology. Wc need to ftKus more intensely on 
the application of process biochemistry, 

New Drug Discovery 

The traditional challenge of biiK-hemical engineering has been to scale- 
up a single pnxre.ss to large volumes for commercial manufacture. The 
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engineering challenge in new drug discovery is to scale-up discovery 
screens desigi^ for small-volume samples so they can handle a very large 
number of samples. The scientific bases for new drug discovery have been 
de\«ioping at a terrific rate in recent years. Insights from mode-of-action 
studies, identification of factors in mammalian biochemistry, structure- 
activity analyses, and other kinds of knowledge have supported the in- 
vention of a myriad of novel, highly selective screens for new drugs. By 
contrast, the engineering research aspects of new drug screening are vir- 
tually undevel(H>ed. Fundamental problems in heat, mass, and momentum 
transport, in the kinetics of receptor-site assays, and in the micromani- 
pulatitMi of samples and reagents await resolution. Oiallenges in the uni- 
form cultivation and preservatitMi of an extremely wide variety of 
microorganisms at very small scale await engineering analysis. A quantum 
jump in the discovery of new, life-saving, natural product drugs will 
iwjuirc more than the new biology; it will require engineering research. 

CONCLUSION: THE NEED FOR ENGINEERS AT THE INTERFACE 

The lire science interface with engin^ring is no longer latent. Clearly 
the next generation of bicwnginwrs must have a broader and deeper knowl- 
ed^ of the life sciences. At the moment biocatalysis, biochemistry, mi- 
crobiology, and molecular biology are a few of the areas needing particular 
focus by engineering students. Hie educational opportunities in bioengi- 
neering systems research are immensely important in this regard. The 
Engineering Research Centers will bring together engineers and life sci- 
entists in an eiivironment primed for discovery. 

The study of the application of science is easy 
to anyone who is master of the theory of it. 

— Louis Pasteur 



Challenges for Government 



NAM P. SUH 



Several papers in this volume discuss engineering issues in the context 
of the year 2000. The future is very pertinent to the Engiiieering Research 
Centers (ERCs) and the National Science Foundation. TTie NSF is one of 
the few investn^nt organizations we have within the federal government. 
The returns on investments we make today usually arc not realized for 10 
to 20 years, which means we are looking at the year 2000 when we talk 
about current NSF programs. 

In that context, much of what these papers have to say is relevant and 
thought-provoking. Essentially, what they discuss can be grouped in two 
categOTies: problems and opportunities. The pioul^ms and opportunities 
Professor Quinn writes of are very much to the point. He says that we 
will have a major increase in the world's population; and that, in turn, 
has a number of implications. He notes that the gross national product of 
China has grown a! an annual rate of 7 or 8 percent over the past several 
years. If we extrapolate that rate of growth to the year 2000, China's 
standard of living will be quite high. When that happens, China's natural 
resource requirements will be larger. If the Chinese standard of living 
reaches even 10 percent of ours, China's need for materials and other 
natural resources is going to be about 30 percent of that of the United 
States, since the fxjpulation of China is four or five times as large as ours. 
In order to deal with this essentially global problem, we must begin serious 
inquiries into the more effective utilization of materials and energy through 
creative fundamental research. Are our institutions ready to deal with 
these major issues of mankind? In spite of the fact that we are facing 
major problems in the world, our educational institutions are not producing 
enough people who can deal with the large systems issues involved. 
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Where there are problems, there are also opjwrtunities— opfwrtunities 
to improve information technology, to create new manufacturing tech- 
nologies, and to foster emerging technologies such as biotechnology, to 
name a few. We even have opportunities in critical technologies and in 
such mature industries as steel. A major goal of the ERC program is to 
link problems with opportunities. In this linking process all of us have a 
role to play. 

The ERCs must choose important engineering problems that require a 
cross-disciplinarj' approach, and provide solutions and manpower. The 
ERCs and their industrial partners must identify the problems that hold 
the key to our future technological progress. The role of government is 
not to dictate what the community should work on and what it thinks are 
the important problems. Instead, it must rely on the community to develop 
a consensus about the areas requiring research emphasis. 

However, government does have an important role to play. The role of 
NSF is that of a catalyst. It is an enabling agent that helps the universities 
to accomplish their goals. It is also a facilitator: it can make the collab- 
oration between the universities and industry easier. Indeed, it can help 
the university people to fulfill their dreams for excellence in higher ed- 
ucation. In addition to these roles, the NSF must protect and promote the 
public interest. The ERC program enables the NSF to fulfill all of these 
roles. 

In his pafHjr Or, Hall states that the NSF is not going to micromanage 
the ERCs. NSF's policy is formulated in the spirit of the role of catalyst: 
we would like to promote the goals of the ERCs, but we would like to 
let the ERCs decide what they ought to do by letting university people 
and industrial people jointly establish their common agenda. 

NSF's strategic plan for the ERCs consists of the following elements. 
First, we would like to establish between 20 and 25 Centers during the 
next two or three years. Next year we are planning to establish six Centers, 
if our budget wins the supfM)rt of Congress. If not, we may have to decrease 
the number of new starts. Second. NSF plans to establish management 
teams for the ERCs within the NSF, and to render assistance to the ERCs 
fn ensure their success We will i\n whatever we can to help, and we will 
provide the Centers with whatever they need to achieve their goals. Third, 
NSF plans to secure for the ERC program the support of Congress, the 
Office of Science and Technology Policy, the Office of Management and 
Budget, the National Science Board, and the engineering community at 
large, 1 will be spending a great deal of time trying to articulate (he need 
for this type of Center. Finally, as the funding agency, the NSF plans to 
monitor the progress of these Centers and to make sure they carry out the 
goals set forth in their proposals. 
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The NSF is also woricing to find ways for state governments to fund 
son^ of the ERCs within their own states. Once the state govemn^nts 
establish the infrastructure for research at their state-supported institutions, 
it will be easier for those schools to acquire NSF funding, since they will 
be mcHie con^titive. 

In addition to these plans wc have a number of other complementary 
{nDgrams within the NSF Engineering Directorate, We have been sup- 
porting individual researchers through single-project programs, in which 
we suj^K>rt one researcher or a group of researchers. This kind of grant 
may also be used to establish or upgrade the academic research infra- 
structure. For example, if a university is interested in establishing a bio- 
technology program, it does not have to rely solely on the ERC program. 
We have a research program for biotechnology which is designed to help 
universities in establishing iheir academic infrastructures. We also have 
very successful programs that have promoted cooperation between industry 
and universities — i.e., the Industry/University Cooperative (lUC) Re- 
search Programs and the lUC Center Programs. These programs have 
established a large number of successful cooperative research centers in 
the past. We must strengthen these programs in the years to come. 

The NSF is planning new initiatives for FY 1987. The new programs 
(teal with engineering manpower, facilities, access to federal and national 
laboratories, and generic engineering systems. In developing these plans 
we need the ideas and counsel of the engineering community to ensure 
that the new initiatives arc executed in a most effective and rational way. 

We hope that the Engineering Research Centers established so far will 
become role models for successful ERCs, Other institutions can then 
emulate them and develop equally successful ERCs in the years to come. 
However, we are realists. We don't expect that every one of these Centers 
will he successful. But if only a few of them succeed we can use them 
as role models in establishing new ones. We have a great deal to learn. 
If some Centers fail, stones should not be thrown ?t the whole concept. 

In the final analysis, no government can greater than the people it 
represents — especially with the form of government that we have. Con- 
tinuing supfwrt for the ERC concept will be essential to the continuing 
support of ERCs. With the support of the entire engineering community 
behind the ERCs, I think Congress will continue to kH)k favorably upon 
this endeavor in the years to come. 



Implications and Challenges 
for Industry 



JAMES R LARDNER 



The recommendations of tte National Academy of Engineering to the 
National Science Foundation (NSF) about establishing Engineering Re- 
search Centers reflect the concern of many business and academic leaders 
that U.S. engineering education today does not meet industry's real needs. 
I believe that much of the blame for this situation lies with industr)- 
(although acideme has too often b^n a willing and active contributor). 
In accepting, without complaint or comment, the conventional products 
of U.S. engineering education; in helping create shortages of qualified 
engineering faculty by hiring talented faculty members away from teach- 
ing; and, in ignoring the dearth of adequate research into manufacturing 
itself, industry has contributed to the problem it has finally identified and 
would like to see corrected. 

Why is it that industry apparently has acted against what clearly were 
its own best interests? I suggest the reason is found in the essence of 
traditional U.S. manufacturing culture. During most of our national in- 
dustrial development, American manufacturing companies enthusiastically 
embraced the principles of specialization and division of labor tr address 
the increasing complexity of products and of the manufacturing environ- 
n^nt. For a long time this approach worked. 

As the techniques of spec-^lization and division of labor were refined, 
manufacturing became increasingly efficient. Ideas and materials were 
transformed into products using fewer lesources per unit of output. Pro- 
ductivity increased, and with it the wealth of the nation. At the turn of 
the century this view of industrial organization was dignified by Frederick 
W. Taylor with the term "scientific management/* Unfortunately, this 
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^roach to dealing with complexity tum^ out to be neither very scientific 
iK)r very good management, but that fact was not recognized for anoOier 
70 years. 

What the division of labor and specialization finally caused was the 
•*dis-integration'' of manufacturing. Continued growth in the complexity 
of products, processes, and the environments of manufacturing operations 
all led to additional sp^ialization and to greater and greater division of 
responsibility- Unfortunately, we have only now begun to r^gnize that 
the solution wt adopted with such confidence has resulted in inefficient, 
um^ponsive aganizati(»is that aa difficult to mana^, resistant to diange, 
slow to adopt i^w technologies, and suffering from formidable commu- 
nication problems. These negative and uTex|»cted results have caused 
thoughtful industrial managers to consider reintegrating manufacturing so 
as to survive in an intensely competitive wwld. {I hope it is by now agrml 
that manufacturing spans tfie range of activities from product concept and 
design to supp<Mt of the product in the field.) 

There is a powerful case to support the ccmclusion that the organizational 
culture in a large part of U.S. industry has caused too many AnwMcan 
companies to be late in identifying needed changes in manufacturing 
managen^nt, and late in educating manufacturing management to use 
resources effectively enough to survive in international competitiOT. Growing 
recognition of the cause and nature of this problem has led some perceptive 
individuals to argue for significant changes in the way we ^ucate engi- 
neers. These recommendations have been eloquent and forceful. The ques- 
tion is, are they valid? Should we seriously modify the way we educate 
engiMers? 

The answer, I think, is "yes and no/' **Yes" for some engin^ring 
students, but "no" for the rest. Many of us who helped develop rec- 
ommendations for establishing the NSF's Engineering Research Centers 
feel strongly that a solid foundation in engineering fundamentals remains 
an essential part of a quality engineering education. We also think that 
the Centers can help fill a critical void in engineering education for some 
engin^ring students. The Center can become a unique and major factor 
in advancing the concept of manufacturing as a science. Important features 
of successful Centers would be multidisciplinary research, substantial in- 
dustry involvement in identifying areas for research, industry support for 
jM'ojects selected, and development of a codified body of new knowledge 
and instructional material alK)Ut manufacturing and manufacturing prob- 
lems. This should create an environment in which the problems and ben- 
efits of integration can be studied, and where the lessons from past failures 
can be learned. Clearly, industry has a vital interest in supporting these 
initiatives. 

However, the challenge for industry goes beyond simply supporting the 
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Engineering Research Centers financially if the Centers are to achieve 
their objectives. 

1 . Imlustry must help define the environments for valid manufacturing 
research. Most engineering campuses have had difficulties in attempting 
to create realistic manufacturing environments to challenge both students 
and faculty. 

2. Industry must help identify and define manufacturing research needs 
that offer intellectual challenges to the academic community, that are 
commensurate with established research activities on university campuses, 
and that will withstand the scrutiny of peer review. In the past, given the 
emphasis on specialixation and division of labor, industry was generally 
content to accept 'and support research projects selected and defined by a 
principal investigator. Now, as industry struggles with the task of rein- 
tegration, problems increasingly are seen as multidisciplinary, and the 
lack of research to help solve them is of growing concern. Industry has 
a responsibility to make this concern known and understood. 

3. Industry must recognize the need to support university jM-ograms to 
recruit and retain adequate numbers of qualified engineering faculty. With- 
out sufficient qualified, motivated faculty, the Centers cannot succeed. 

4. Industry should be prepared to support the development and pub- 
lication of instructional material based on manufacturing researc-h findings. 
The apprenticeship method of teaching engineers about manufacturing 
simply isn*t sufficiently rapid, nor is it as effective as it needs to be if 
we are going to change our manufacturii,^ culture to survive new global 
competition. 

5. Industry must find ways lo provide real- world situations for con- 
ducting research, and to make available selected, experienced industry 
representatives for research projects. 

6. Industry must provide constructive input into program evaluation in 
order to enhance the contributions of research findings and of the graduates 
the Centers produce. 

7. To contribute to the success of the enterprise, industry must rec- 
ognize, hire, and reward graduates of the Engineering Research Centers, 
offering opportunities commensurate to the pinential these individuals 
have. 

These will be new and difficult challenges for industr>'. li has not been 
a hallmark of U.S. industry to kK)k to academic research for help with 
problems as fundamental and broad as the reintegration of manufacturing, 
or for insights into how manufacturing organizations might be reorganized 
to make this reintegration |X)ssible. Industry has not traditionally turned 
to engineering schools for help in managing manufacturing, but there is 
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increasing evidence that in evaluating the changes considered schools may 
be the preferred resource. 

Finally, it is important to remember that industry and academe operate 
by different time scales. Everyone involved in the ERC effort knows it 
will be some time before the products of the Centers — whether graduates 
Of research findings — will be available to industry, and even longer before 
these products will have measurable impact on industry results. 

For the interim, industry will have to **wing it," to dei^nd on expe- 
rience, common sense, and intuition to steer an uncharted course. Despite 
the absence of immediately useful output applicable to industry problems, 
management needs to maintain a belief in and provide support for the 
ERC concefrt until the first results can be evaluated. 

Today's situation reminds me of a time in my naval career when I was 
*'in destroyers/' operating with a carrier task force. I don't know how 
they do it today, but back then when we changed the fleet axis, the 
<testroyers would race through the maneuvering ships at high speed on an 
approximate course, chosen to avoid collisions, to get close to their new 
screen stations. Only as they approached their new stations did the fine 
maneuvering begin. Varying course and speed slightly but continuously, 
if successful they dropped in, right on station, exactly where they t^- 
longed, and their captains lost no promotion numbers, 

1 think industry today faces a similar situation. We are changing from 
where we were to where we have to be, and we have no time to spare. 
As we move closer to where we want to be, we will require special skills 
and knowledge that can put us right on station. 1 think these can come — 
to an important degree — from the Engineering Research Centers, and I 
believe these Centers deserve industry support. 
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I have the last word in this volume; but thoi^e universities that will host 
the Engineering Research Centers (ERCs) will have the last word on 
whether the Centers are successful. 

In these pages many leaders of An^rican industry, government, and 
^ademe discuss how important the Centers are to the nation's future. I 
think it is the concept itself that is most important — that of pooling cm 
engineering research efforts on a bigger and broader scale. Teams of 
engineers and scientists from many disciplines, from both ^aden^ aiKl 
industry, working together, with the cooperation and support of govern- 
ment, to target problems of importance to our competitive future — that 
is an exciting idea. 

It is not a new idea, of course. It has been tried before, but usually on 
a smaller scale and with less clarity of purpose, less sense of urgency. 
However, there is often a great gulf bitween ideas and reality. 

The message running through these papers is: The Centers are needed, 
and we must make them woric! But those in academe, especially, krK)w 
well what the real problems will be. Larry Sumney suggests some of them. 
Young faculty members will be wary, maybe reluctant to participate be- 
cause of their fears about unknown (or ^^riiaps too well known) threats 
to their careers. Cross-disciplinary research is usually not an accepted 
route to advancement; in many institutions that bmie has yet to be fought. 

When 1 was the newly appointed president of Carnegie-Mellon Uni- 
versity, a group of professors came in to see me. These were distinguished 
professors from different departments who wanted to start what we called 
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ti^n an interdisciplinary center. 1 listened to them. Their ideas were just 
gmU, and I was quite excited about it; but at the end of the presentation 
they said, '*Now, we have to find someone whom we can bring to the 
uni\^ity to lead this center.'' I said, ""Slop right th^. When any of 
you strong pec^ie in ycHu- disciplines who have all these good ideas are 
willing to risk your career to lead this effort, tten I will go along with 
it.'' About a year later, two of them came in ami look the r^ponsibility. 
Tl^y changed their careers. I think they axe very happy today that they 
did, \mi the fact is that tl^y took a risk. Gr^uate students are also going 
to have to take a risk. Many of may be quite excited when they 
notice all the drum-beating that has accompanied the ERC program. But 
son^ will lode at the situation and conclude that the di^iplinary ai^mimch 
to ^ucaticMi is still very strong. 

Existing departments may not readily accept the ERCs. The resistance 
may iK>t surface until tl^ going gets tough for one reason am^er; but 
retrenchment into the disciplinary fold has always been the instinctive 
response in such circumstances. 

Anotter problem is what happens if, after the se^ funds are withdrawn 
and t)^ ERC has becomes self-supporting, the Center encounters a down- 
turn in the nation's economy, industry funding may diminish. What hap* 
pens to the ERC then? Will it be a case of *Mast to amve, first to leave"? 

What can we do to make the world safe for HlCs? 

Changes will have to occur, of which the Hrst will a change in 
''campus sociology." As James Lardner's paper points out, some indus- 
tries are already wrestling hard with this requiren^nt in their own context. 
They can't avoid it — their improved performance demands this adaptation. 

But universities have so far not accept^ the pix^x^d mo<te. The dis- 
cifrfinary structure has remained essentially intact, preferring instead to 
split off new disciplines to accommodate tl^ explosion of knowledge and 
the emergence of problems such as the environment, or new technologies 
such as the computer. That approach is no longer completely sufficient. 
Of course the disciplines must continue to be strong. But, as we are already 
seeing in efforts such as MIT's new Interdepanmental Biotechnology 
Program, the cross-disciplinary approach must increasingly be reflected 
in the organizational structure of science and engineering. 

Schools must figure out a way to accomplish research goals of a cross- 
disciplinary nature while still maintaining strong disciplinary depth. The 
reward system will have to be modified to accommodate this requirement. 
Hiat is a challenge that every school will have to address in terms of its 
own particular situation, its own **culture." If the schools fall short of 
that, in Larry Sumney's words, **we will all lose." 

According to the National Science Foundation's program announcement 
for FY 1986, one of the four criteria upon which the next round of ERC 
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proposals will be judged relates to this very thing: a concern for the ' ^effect 
of the research on the infrastructure of science and engineering." Any 
proposal demonstrating a commitment to this kind of change is likely to 
be a stmnger proposal, in the eyes of NSF. 

Second, schools will have to alter their relations with the outside world. 
Faculty consulting and small-scale cooperative research with industry are 
fine, and should continue. But they are not enough. Universities will have 
to open their doors in new ways, defining strategies for making and 
cementing ties with state and liKal governments, othei schix>is, and com- 
panies large and small. These ties should be stable, long-term, and mu- 
tually beneficial. 

Third, and perhaps most fundamental, a sensitivity must emerge in the 
university community regarding the needs of the nation, regarding the 
situation of the nation with respect to economic and competitive fortunes 
to which engineering holds a very important Key. The Engineering Re- 
search Centers are being created to improve our national technological 
productivity and competitiveness. This can only be done through a systems 
approach to real-world problems— not through abstraction and analysis 
for its own sake. A new generation of engineering students has to be 
educated to think and function in the cross-disciplinary context. 

1 think the ultimate challenge in all this lies with the individual, as it 
always does when change must take place. As I have pi>inted out, the 
young faculty members who work in the ERC programs will have to be 
courageous people. They will have to be committed to goals and methixJs 
that the power structure may not share, that even many of their academic 
peers do not share. 

Graduate and postgraduate students who participate in the ERCs will 
also need to have commitment. When they have finished their education 
they will have a major decision to make: whether to go into industry or 
to join a faculty. ITie latter choice may be the only avenue by which real 
change can be brought to the disciplinary structure, since tho.se individuals 
will have come up through the new system. 

Academic administrators who want the ERCs to succeed will have to 
have the commitment necessary to push against disciplinary barriers and 
to protect the ERCs from adverse pressures. 

Industry managers will have to be ready to be committed to the success 
of the program, even when continued suppon is painful to the company. 
They may have to convince boards of directors and, ultimately, stcKk- 
holders, and persuade them to share that commitment. 

In many cases, the academic institution has to make a commitment to 
individuals if they are going to take the risk of panicipating. Some will 
participate no matter what, l^cause they share a conviction about what 
these Centers represent. Yet their fate is in the hands o^ people who will 
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be difficult to persuade of that vision, that commitment. This is where 
we can clearly see the fragility and the vulnerability of the fledgling ERCs. 

By funding these six Centers, the National Science Foundation has 
taken the first strengthening steps toward a new approach to engineering 
research, education, and practice. I am willing to bet very strongly that 
the initial impetus has l^n and will continue to be very well received by 
the Congress and the administration. I cannot conceive of an administration 
that would resist this kind of approach now or sometime in the future, 
and therefore I think it is on very good ground. But the banle is by no 
means over for the ERCs, In wartime the tank units have to j^lect a point 
tank for every one of their advances, and it can be imagined what chances 
that point tank has to take. It is the same with the ERCs. We have only 
a few point units out there, and we had better make sure that they are 
very well supported by everyone concerned. Eventually we will have a 
larger number of units, and then we can sit back and let them compete 
in a rough-and-tumble world. But we had better make it a gixxl world for 
them for a while. 
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C. ANDERSON, Professor of Mechanical Engineering, is Director 
of Purdue's Cornputer-Aided Design and Graphics 
LalK>raiory, a facility dedicated to the study of com- 
puter-aided design and computer-aided manufacturing 
(CAD/CAM), Dr. Anderson is the author of many 
articles, and has worked as an industrial consultant in 
the area of CAD/CAM He received his Bachelor's, 
Master's, and Ph.D. degrees in mechanical engineer- 
ing from Purdue. 




JOHN S. BARAS is Professor of Electrical Engineering al the University 




of Maryland, and Director of that university's newly 
established Systems Research Center. He perfoimed 
his Master's and Doctoral work (1973) at Harvard 
University, in applied mathematics; he also holds a 
Bachelor's degree in electrical engineering. Dr. Baras 
is a Fellow of the iEEE, and the recipient of numerous 
awards for research. The primary fcKUs of his research 
has been in control and systems theory. 
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MOSHE M. BARASH is a Professor of Manufacturing in Purdue's School 
of Industri;." Engineering. Dr. Barash has had exten- 
sive experience in industry and nonuniversity research 
on design of complex machines, instruments, control 
systems, and i^xxJuction processes and t(X)ls. He re- 
ceived his B.Sc. and Dipl.-Ing. degrees in mechanical 
and el^trical engineering from the Technion-lsrael 
Institute of Technology, and from 1947 to 1955 was 
involved in machine design and research in mechanical 
systems and instruments (1953) from the University 
of Mancliester, England, where he taught the subject 
until 1963, when he joined the faculty at Purdue. Dr. Barash has published 
more than 70 research papers and more than 300 technical articles. He is 
a Fellow of the American Society of Mechanical Enginwrs, and was given 
the Blackall Award by that swiety in 1983 for the best paper in machine 
tool t^hnology. 

ARDEN L. BEMENT, JR., is Vice-President of Technical Resources for 
TRW. He received his Hi.D. in metallurgical engi- 
neering at the University of Michigan in 1963. He 
worked in industry initially, ircluding 10 years with 
General Electric and 5 years in nuclear materials re- 
search at the Bauelle Memorial Institute; later he was 
a Professor of Nuclear Engineering (materials) at MIT. 
From 1976 to 1979 I>r. Bement served as Director of 
the Office of Materials Science at the Defense Ad- 
vanced Research Projects Agency (DARPA); he was 
later Deputy Under Secretary of Defense for Research 
and Engineering. He is a member of the National Academy of Engineering. 

ERICH BLOCH is Director of the National Science Foundation. He joined 
IBM Corporation in 1952 after receiving a B.S. in 
electrical engineering at the UnivCiSity of Buffalo (now 
SUNY Buffalo). He was instrumental in development 
of the IBM 360 computer (among other projects), for 
which he was awarded the National Medal of Tech- 
nology in February 1985. Before coming to NSF, Mr. 
Bloch was Chairman of the Semiconductor Research 
Corp^)ration, and served as Vice-President for Tech- 
nical Personnel Development at IBM from 1981 to 
1984. He is a member of the National Academy of 
Engineering, 
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W. DALE COMPTON is Vice-President for Research at the Ford Motor 
Ccnnpany. He receive his Ph.D, in physics from the 
University of Illinois in ^955. After woricing at the 
Na^ Resmch L^x»:atcHy , Dr. Cimi{M(») tau^t physics 
at the University of Illinois at Urbana. He joined Ford 
Motor Company in 1970 as Director of Chemical and 
Physical Science. He is a number of the National 
Ac^my of Engineering, where he served as chair- 
man of the Academy committee that drafted t)^ guide- 
lims fOT tl^ Engineering Research Centers. 

CT0^HEN W. DREW is Director of Biochemical Engineering at Merck 
and Comply. He received his Ph.D. in biochemical 
engin^ring from MIT in 1974. He was a Professor 
of Chemical Engineering at Virginia Polytechnic In- 
stitute and State University (VPI) before joining Merck 
in 1980. Dr. Drew is currently a member of the Panel 
on Bioengineering Systems Research of the National 
Research CounciPs Engineering Research Board. 



KINO-SUN FU, principal investigator for Purdue University's new Center 
for Intelligent Manufacturing Systems, is Goss Dis- 
tinguished Profe^OT of Engineering in Purdue's School 
of El^trical Engineering. He is internationally rec- 
ognized as a pioneer in the engineering disciplines of 
f^ttem recognition, image prcx:essing, and machine 
(artificial) intelligence. Dr. Fu has received numerous 
honors and awards for his contributions in these areas, 
and was elected a memh«r of the National Academy 
of Engineering in 1976. He is the author of four books 
and numerous book chapters, journal articles, and 
t^hnicaJ papers in his field. Dr. Fu received a Bachelor's degree in 
engineering from the National Taiwan University, a Master's degree from 
the University of Toronto, and a Ph.D. degree in engineering ( 1959) from 
the University of Illinois. (ELditor's note: Dr. Fu died on April 29, 1985, 
while attending the symposium on the Engineering Research Centers ] 
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SUSAN HACKW(X)D is Professor of Electrical and Computer Engineering 
at tl^ Univmity of California, Santa Barbara; sl^ will 
be tf^ Director of UCSB s newly established Center 
fm RotK^c Systenis in Microelectronics. Dr. H^k- 
wood obtain her Hi. D. in solid-state electiochem- 
at Leic^ter Polytechnic Institute, U.K. After 
ccHnpleting the Doctorate, she joined AT&T Bell Lab- 
oratOTies, where she remained until 1984. At Bell Labs 
she carried out a range of research in rotK>tics, and 
was named Head of the Robotics Technology Research 
I^I^Ttment. 

JERRIER A. HADDAD is a consultant to the National Research Council 
and was recently Chairman of its Committee on the 
Educaticm and Utilization of the Engineer. He join^ 
the IBM Corporation after reiving a Bachelor's cte- 
gree in electrical engii^ring at Cornell University in 
1945. At IBM he held a number of technical mana- 
^rial positions; 1^ was IBM Vice-President for En- 
girocring, Programming, mi Technology (1%7-1977) 
and fOT Technical Pfer^)nMl Develqnnent (1977--1981). 
Mr. Haddad is a trustee of Clarkson College and Chair- 
man of d% Engin^ring College Advisory Council of 
Cornell Univwsity. He has received two honorary Doctor of Science 
degr^, as well as numerous awards and patents. Mr. Haddad is a member 
of the National Ac^my of Engineering and a Fellow of tte Institute of 
Electrical and Electronics Engin^rs. 

CARL W. HALL is Deputy Assistant Director of Engineering for the 
National Science Foundation. He has degr^s in ag- 
ricultural and mechanical engineering, and receiv^ 
his Ph.D. from Michigan State University in 1952. 
He was Chairman of the Agricultuml Engineering De- 
l^rtment at Michigan State University, and then Dean 
of the College of Engineering at Washington State 
University, where he also taught mechanical engi- 
neering. Dr. Hall has been active as a consultant in 
numenxis iittematicnial |m>jects. He has auti, md many 
books on energy and food engin^ring, and is editor 
of an international jc»jmal on drying. He has r^eived a number of awards 
for his achievements. Dr. Hall is a Fellow of the American Society of 
Agricultural Engineers, a Life Fellow of the American Society of Me- 
chanical Engineers, and a Fellow of the American Association for tiie 
Advancement of Science. 
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KEYWORTH U is Director of the Office of Science and 
Technology Policy and Science Adviser to the Presi- 
dent. He r^iv^ his BsKrhelor's degree in (Hbysics 
from Yale Univei^ity in 1%3 and his Ph.D. in nuclear 
{^ysics from Duke University in 1%8. He holds hon- 
orary Doctor of Science and I^tor of Engineering 
(tegrees as well. Dr. Keyworth was associated with 
the Los Alamos National Laboratory from 1968 to 
1981, where he held Division Leader posts in three 
areas of physics research. He was recently a member 
of the President's Commission on Industrial Compet- 
itiveness. 
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JAMES F. LARDNER is Vi<>j-President, Component Group, fw Deere 
and Company. After earning a Bachelor's degree in 
n^hanical engineering at CcHnell University, he held 
a number of engin^ring and manufacturing manage- 
ment positions in Deere's domestic and overseas di- 
visions. In 1980 he was nan^ Vice-President in chai^ 
ll^^^^^HPt of Manufacturing Development, a position in which 
he was responsible for the strategic planning and eval- 
uation of new and advance manufacturing systems 
ami technologies. In his nK>$t recent assignment he is 
responsible for the desigh and manufacture of the ma- 
yor components which make up John £^re end products. 

LEWIS G. ('*PETE ^^) MAYFIELD is Head of the Office of Cross-Disci- 
plinary Research (the office responsible for the En- 
gii^oing Research Centers program) within th^ National 
Science Foundation. Ke received his M.S. in chemical 
engineering at Montana State College in 1950. After 
a career in industry i^nd acadeine, he joined the NSF 
in 1%2, dir^ting progiams and divisions concerned 
wiA advance technology plications, integrated basic 
research, iind chemical and process engineering. 
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R. BYRON PIPES is Professor of Mechanical and Aerospace Engineering 
at the Univ-=^rsity of Delaware* and Director of that 
university's Center for Composite Materials. He re- 
ceived his Ph.D. at the University of Texas in 1972. 
Since 1977 Dr. Pipes has been associated, first as 
Acting Director and then os Director, with a Center 
for Composite Materials at the University of Dela- 
ware, which will now be expanded to focus on cross- 
disciplinary research and education in composites 
manufacturing. He has authored a number of books 
and papers on composite materials, and is currently a 
memter of the Panel on Materials Systems Research of the National 
Research Council's Engineering Research Board. On July 1, 1985, Dr. 
Pipes became Etean of the College of Engineering of the Univereity of 
I^laware. Professor Roy L. McCullough, Associate Director, has as- 
sumed the duties of Acting Director of the new Center. 

JAMES BRIAN QU INN is William and Josephine Buchanan Professor of 
Management at the Amos Tuck SchcK)l of Business 
Administration, Dartmouth College. He received a B.S. 
in engineering at Yale, an M.B.A, at Harvard, and 
earned his DcKtorate at Columbia University in 1958. 
Dr. Quinn has taught on the faculty at Danmouth since 
1957. In addition, he has been president of a research, 
planning, and development consulting firm since 1961 
and chairman of high technology siart-up firms. 

ROLAND W. SCH MITT is Chairman of the National Science Board (gov- 
erning body of the National Science Foundation), and 
is also Senior Vice-President for Corporate Research 
and Development of the General Electric Company. 
He received his DcKtorate from Rice Univei^ity in 
1951, and has been with General Electric since that 
year. Dr. Schmitl is on the boi^nd of directors of a 
number of nonprofit organizations devoted to science, 
technology, and medicine, rie is also a member of the 
Council of the National Academy of Engineering. 
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MISCHA SCHWARTZ is Professor of Electiical Engineering and Com- 
puter Science at Columbia University, where he will 
direct the newly established Engineering Center for 
Telecommunications Research. After earning a Mas- 
ter's degree in electrical engineering, he received his 
Ri.D. in applied physics from Harvard University in 
1951. Dr. Schwartz was an engineer with the Sperry 
Gyroscope Company and Professor of Electrical En- 
gineering at the Polytechnic Institute of Brooklyn be- 
fore coming to Columbia. He is the author of numerous 
books and publications, and received the IEEE Edu- 
cation M^lal in 1983. Dr, Schwartz was nominated to the IEEE Centennial 
Hall of Fame in 1984. His primar> lesearch interests are in communication 
theory and systems, digital communications, and computer communica- 
tions. He is currently President of ihe IEEE Communications Society. 

JAMES J. SOLBE RG is a Pix)fessor of Industrial Engineering at Purdue 
University and Associate Director of the Computer 
Integrated Design, Manufacturing, and Automation 
Center (CIDMAC). He has won numerous awards for 
teaching pnd research. Since 1975 Dr. Solberg has 
conducted research on the mathematical modeling of 
manufarturing systems. He developed a program called 
CAN-Q, which is now widely used by industries and 
universities around the nation. Dr. Solberg received 
his Bachelor's degree in mathematics from Harvard 
University, and Master* s degrees in mathematics and 
industrial engineering and a Ph.D. in industrial engineering from the 
University of Michigan, He joined Purdue in 1971 after three years at the 
University of Toledo. 
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H. GUYFORD STEVER is a former Director of the National Science 
Foundation, and is currently President of the Univer- 
sities Research Association. He received his I^torate 
in physics from the California Institute of Technology 
in and holds numerous honorary degrees. He 
was Professor of Aeronautics and Astronautics at MIT 
from 1946 to 1965, President of Camegie-Mellon Uni- 
vereity from 1965 to 1972, ami Director of the Office 
of Science and TechiK>logy Policy and Science Ad- 
viser to the President during the Ford administration. 
Dr. Stever is a director of seveml corporations, and 
has been the r^ipient of numerous awards for his public service. He is 
a number of the National Academy of Engineering and the National 
Academy of Sciences. 




NAM P. SUH is Assistant Director for Engineering of the National Science 
Foundation. He performed his undergraduate work in 
mechanical engineering at MIT, ami received the Ri.D. 
from Camegie-Mellon University in 1964. Before 
coming to NSF, Dr, Suh was Professor of Mechanical 
Engineering at MIT, and Director of the Laboratory 
for Manufacturing and Productivity there. He has been 
a director of several corjx^rations involved in tech- 
nology development; and he is the author or editor of 
a number of fundamental textlwoks in engineering sci- 
ences. 




LARRY W. SUMNEY is President of the Semiconductor Research Cor- 
poration. He received a Bachelor's degree in physics 
from Washington and Jefferson College in 1962, and 
a Master's degree in systems engineering from George 
Washington University in 1969, From 1962 to 1972 
he worked at the Naval Research Laboratory as a re- 
search physicist and, later, as an electronics engineer. 
He then joined the Naval Electronics Systems Com- 
mand, becoming Head of the Solid State and Special 
Dev ce Technology Branch and, ultimately. Research 
Director. On assignment to the Office of the Under 
Secretary of Defense for Research and Engineering, Mr. Sumney managed 
the formation of the Very High Speed Integrated Circuits (VHSIC) Pro- 
gram, and subsequently tecame its fii^t director. He joined the newly 
fornied SRC in 1982 as its first executive director, 




BKXjRAPHlES 



207 



ERIC A. WALKER is Cochairman of the Advisory Panel for the Engi- 
fleering Research Centers. He was educated at Harvard 
University, where he received his Sc.D. degree in 
1935; he holds a number of honorary doctorates as 
well. Dr. Walker taught electrical engineering at the 
University of Connecticut and at Pennsylvania State 
University, where he was Dean of Engineering and 
later President of the University (1956-1970). After 
leaving Penn State, he was Vice-President for Science 
and Technology at the Aluminum Company of Amer- 
ica (ALCOA). Dr. Walker is a past Chairman of the 
National Sciemte Board, a past Chairman of the Naval Research Advisory 
Commission, a/td was the second president of the National Academy of 
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